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Abstract 
Structural parameters that determine yarn quality include evenness, hairiness and twist. This 
thesis applies machine vision techniques to yarn inspection, to determine these parameters in 
a non-contact manner. Due to the increased costs of such a solution over conventional 
sensors, the thesis takes a wide look at, and where necessary develops, the potential uses of 
machine vision for several key aspects of yarn inspection at both low and high speed 
configurations. 
Initially, the optimum optical / imaging conditions for yarn imaging are determined by 
investigating the various factors which degrade a yarn image. The depth of field requirement 
for imaging yarns is analysed, and various solutions are discussed critically including 
apodisation, wave front encoding and mechanical guidance. A solution using glass plate 
guides is proposed, and tested in prototype. The plates enable the correct hair lengths to be 
seen in the image for long hairs, and also prevent damaging affects on the hairiness 
definition due to yarn vibration and yarn rotation. The optical system parameters and 
resolution limits of the yarn image when using guide plates are derived and optimised. 
The thesis then looks at methods of enhancing the yarn image, using various illumination 
methods, and incoherent and coherent dark-field imaging. The aim of the image 
enhancement methods is to separate the core from the surface fibres, as well as to preserve 
the hairiness defmition of the yarn image. The effect of optical spatial filtering on the yarn 
images is investigated, with the conclusion that the core and hairs can be separated well, but 
at the expense of hair definition. 
A series of processing methods are developed on back-lit yarn images, for both low and high 
speed yarn inspection. The subsequently developed yarn scanning system is then applied to 
false-twist textured intermingled yarn nip inspection. The vision approach is capable of 
detecting and determining nip spacing in false-twist textured yarns at low and high yarn 
speeds, as well as when the yarn is fully extended. An algorithm is developed which is 
sensitive enough not to require two views of the yarn from orthogonal angles. The algorithm 
does not work for flat yarns, but a preliminary fibre orientation detection method is applied 
successfully to flat yarn nip detection. 
The yarn scanning system is applied to determining yarn diametrical evenness. Test results 
are correlated highly with the Zweigle 0580 structure sensor, and fairly well with the Uster 
Tester 3 evenness tester. 
The coefficients of variation are shown to be of the same order of value, with the mass 
CV%s slightly lower as theory predicts, but loosely correlated for the sample set of yarns 
used. 
The yarn scanning system is applied to hairiness measurement by correlating indices derived 
from yarn images to the hairiness values from the Uster Tester 3 hairiness meter. A 
correlation is found, although a discrepancy is seen between rotor and ring spun yarns (as 
predicted by theory). The reasons for the difference are analysed in detail, and an index is 
developed which reduces the discrepancy. An index derived from the yam images, which 
simulates photo-sensor hairiness meter values such as the Zweigle 0565 L index, is also 
used in the tests. 
The use of vision is also applied to inspecting yarn twist in a non-contact manner. An 
algorithm is developed, based on the integration of sectors of the Fourier transform, to 
determine surface fibre orientation. Tests are carried out which prove the technique. 
The thesis opens up many areas of interesting and important research, and utilises the 
effectiveness of image processing to give highly detailed and useful information about yarn 
structure and quality. A series of suggeStions for further work are proposed at the end of the 
thesis. 
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1 - Introduction to the thesis. 
1.1 Textile yarns - their quality, and importance to the textile 
industry 
All fabrics are made from some fonn of fibre, either man-made or natural. In order 
for the fibres to be bound together in such a way as to make weaving or knitting 
practical, they are fonned into yarns, as they have been for centuries. The length of 
yarn needed for a simple garment is considerable, meaning that the yarn is a high 
volume, low cost item requiring high production speeds. 
Since yarns are the building blocks of fabrics, their quality has a direct effect on the 
fabric quality, and the efficiency of the weaving or knitting process. Normally, a 
poor grade yarn will cause aesthetic problems when woven into a fabric. For yarn 
faults that occur over a small distance, such as neps, knots or slubs, these faults will 
be situated at the point in the fabric where the yarn fault occurs. Figure 1.1-1 shows 
a yarn nep, which in cotton yarns is caused by dead or immature fibres. The 
frequency of this type of defect is an important assessment factor when grading a 
yarn. 
Figure 1.1-1 -A yarn nep (worsted-ring spun wool) [Slater, 1986, p. 34]. 
Other yarn defects can occur continuously throughout the yarn such as periodic 
variations in the yarns visible characteristics. Figure 1.1-2 shows a diamond barn: 
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pattern caused by periodic variations in yam thickness, twist, tension crimp colour or 
shade. 
Figure 1.1-2 - Diamond barre patternfrom a silk stocking 
[McJntyre & Daniels, 1995, p. 95}. 
For certain fabrics, such as canvas, many faults are not important provided they are 
not present in extreme quantities. However for suit material, clearly visible yam 
fuults are highly objectionable, and the surrounding fubric has to be cut away, or if 
possible the yam fuult corrected with tweezers. Such manual processes add greatly 
to the production costs offabrics. 
Also significant to production costs is the 'down time' due to breakages in the yam 
during weaving or knitting. The speed of yam transportation during this process is 
such that the yam undergoes significant tension and abrasion, and so it is important 
that the spinning process imparts enough strength to the yam for its intended use. 
Often thin or thick places appear in the yarn, causmg localised weak spots. 
Nowadays, these are mostly removed by a process known as 'clearing', where the 
yarns are continuously monitored by capacitive mass detecting or optical sensors, 
and cut when the yam parameters exceed or undershoot pre-defined limits. They are 
then re-connected by splicing. However, this does not remove all the places that 
could potentially break during weaving. To do so would mean the yam would be 
broken and spliced more frequently than is economically sensible. 
2 
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Figure 1.1-3 - Uster Classimat yarn inspection system used to analyse and set yarn 
clearing installations. Available at http;I/www.uster.comlproductslcmt.htm 
When yarns break, a cheaper alternative to splicing is where the broken ends are tied 
together - the resulting mend being seen as a knot in the fabric. These faults are also 
aesthetically damaging to the fubric. 
Clearly, yam quality is extremely important to the quality of fubrics, and the cost of 
the fubric production process. Fabric manufacturers can be considered as the 
customers of the yam spinning companies, and need to be assured of the yam quality 
before committing a large batch of yam to be woven. Therefore, improved yam 
quality and its assessment are vital to the textile industry worldwide. 
1.2 The worldwide textile industry and standardisation of yarn 
quality 
Textiles are produced throughout the world, by both developing and developed 
countries. Labour costs vary significantly, as does the standard of manufucturing 
equipment, raw materials, and level of quality control. 
Until relatively recently (approximately 50 years ago), there were no universal 
standards by which yarns from di£lerent sources could be judged [Zellweger Uster, 
3 
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1997, p. 2]. Owing to the increasing production speeds, better technology, and 
increasing demands on fabric quality, much research was carried out in the region of 
yam quality monitoring and improvement, by many institutions and companies. The 
testing equipment that came from this research led to universal standards, by which 
yarns from diverse origins could be assessed. One notable company was Zellweger 
Uster, who by sampling yarns across the world produced a publication known as 
Uster Statistics. From this, customers and yam spinners were able to grade and 
compare yarns regardless of their origin. 
The Uster Statistics publication is constantly being updated. Due to the increased 
pressure on spinners to produce yarns of marketable quality, and the development of 
better production methods and materials, the Statistics show a massive increase in 
yam quality overall, throughout the last 50 years, instanced by the graph below 
showing evenness figures. 
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Figure 1.2-1 - Graph showing the increasing quality o/yarn evenness over the last 
50 years [Zellweger Uster 1997, p. 3] 
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1.3 Overview of yarn characteristics. 
There are many types of yarns, but they can be broadly divided into two categories. 
These are staple fibre and continuous filament. Natural fibre yarns such as linen, 
wool and cotton consist of short staple fibres which are twisted together in a spinning 
process. A close up picture of a staple fibre yam is shown in Figure 1.3-1. This 
image was taken with the testing equipment used in this work. 
Figure 1.3-1 - Ring spun cotton yarn. 
Yam texturing is the term used to describe how the continuous filaments of a 
synthetic yam are bound together to provide the yam with the equivalent bulk and 
aesthetic properties as those of a natural yam. 
The common forms of texturing referred to in this thesis are air-jet texturing, and 
false-twisted intermingling. A picture of an air-jet textured yam being produced is 
shown in Figure 1.3-2. Intermingling (Figure 1.3-3) is a process which deploys a 
nozzle to create a very turbulent high speed air flow. It imparts regular but 
5 
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intermittently entangled nodes to the open structure of the textured yam. These are 
commonly known in industry as 'nips'. 
fT7',",,-~'-- ~·1 
. ' .. ' -. "I",: 1 
Figure 1.3-2 - Air-jettexturedyarn exiting a nozzle [Acar, 1984, p. 164]. 
-
... ~~..., ~. l 
• _ ~ .. .... :" ... , ....... i=('-."" ... ~", ..;-
... --:- .... ~ _~ 4 - ~. __ .. ~ __ 
Figure 1.3-3 - Nip section of a false-twisted intermingled yarn 
[SEM image from Bilgin, 1994, p. 1-15]. 
The main objectives of both spinning and yam texturing are to provide the yarns with 
strength for the subsequent textile processes and aesthetic properties to improve the 
bulk, appearance, insulating properties and feel of the finished fabric. 
There are several important measurements of yam characteristics, some being purely 
dimensional and some being a measure of quality. Dimensional measurements are 
properties such as mean thickness, count (usually mass per unit length) and twist. 
Some quality measurements are yam mass evenness, hairiness, tenacity and the 
number of thick or thin places per metre. Yam hairiness is a property of yarns 
caused by fibres that protrude from the core. It can be defined in a number of ways, 
6 
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depending upon the instrument used to measure it. Yarn evenness is a property most 
commonly defined by the variation of mass per unit length of the yarn (often referred 
to as linear density), and is perhaps the most important and commonly used measure 
of the quality of a yarn. Yarn evenness and hairiness both have important 
consequences to the knitting and weaving processes as well as to the quality of the 
end fabric. They can also be defined in a more complex and detailed manner and are 
described more fully in Chapters 7 and 8. 
For intermingled yarns, the frequency and regularity of the nips together with their 
stability under applied loads are important criteria in the assessment of the 
performance of mingling nozzles and the quality of the intermingled yarns. 
1.4 Objectives and reasons for developing a machine vision yarn 
inspection system. 
Machine vision in this context refers to the use of image capturing hardware (charge 
couple device (CCD) cameras, optical components, frame grabbers), and image 
processing / analysis software, to image a product and to successfully categorise 
features and faults. 
There are several key advantages when using machine vision, which lend themselves 
to yarn quality inspection. 
• Firstly, optical systems are not affected by environmental factors such as moisture 
and temperature, as is certainly the case in conventional evenness testing which 
uses capacitance of the yarn to measure its linear density [Foster, 1957]. 
• Machine vision is also non-contact, in that the measuring method usually does not 
require mechanical contact with the yarn. This means there are no speed 
constraints upon the method from a mechanical viewpoint, and no physical effects 
upon the yarn. 
• Most commercial yarn measurement sensors currently available measure only one 
parameter of the yarn. For example, an evenness capacitance sensor will not 
measure hairiness. However, with a yarn image from a CCD, there is an increase 
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in the amount of infonnation available regarding the yarn, such that the same 
measurement principle will measure evenness, hairiness and many other types of 
yarn characteristics at the same time. The complex nature of these parameters can 
also be obtained from the image infonnation, which is useful for research and 
development. Therefore the versatility of this method is a clear advantage, and an 
adaptation of software algorithms can allow such a system to be applied to any 
kind of yarn defect which can be seen optically. 
• Advances in technology mean that the cost effectiveness and speed of vision 
systems are increasing continually. The scanning rate of modem CCDs are 
sufficient to image a yarn which is travelling at production speeds, which means 
that vision can be applied to hand held on-line quality inspection instruments. 
• The versatility of using software based analysis means that the yarn image can be 
processed to produce data equivalent to other established forms of measurement. 
For example, it is commonly know that the different hairiness testers put 
emphases on different types of hairiness. A yarn imaging system could produce 
data which correlated highly with each instrument, to give a more complete 
understanding of the yarn properties. 
It is important to mention at this point that in a typical spinning mill there may be 
typically 100 000 'ends' (yarns spun simultaneously). Therefore, 100% on-line 
quality monitoring of yarns is not carried out currently to extract this kind of 
extensive yarn infonnation. Until recent years, yarn monitoring was carried out off-
line in quality control laboratories, in a statistical fashion, whereby only a small 
percentage of the total yarn produced would be tested. Certainly it would not be cost 
effective to produce a CCD based scanning system for each end in the yarn process, 
at the current cost of imaging hardware. However, there is an increase in the number 
of hand-held instruments commercially available, which can be taken from line to 
line to measure yarn quality in-process, and check for problems which may be 
developing. Such instruments are mentioned in Appendix E. 
A vision-based instrument would be ideally suited to this purpose owing to the 
quality of infonnation available. An important example of this is for regularly 
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occurnng defects. For example, a roller fault can produce regularly spaced 
imperfections in a yam, which are too small to be detected by clearing, but which 
cause aesthetic problems in the final fabric, and which obviously warn of a machine 
fault. By the time the yarn is woven, or tested off-line in a lab, and the fault is 
identified, many miles of yarn could have been spun. Obtaining detailed yarn quality 
information, in process, can be useful in diagnosing a machine fault quickly. 
As mentioned earlier, many institutions and companies have been researching yarn 
quality, and several different types of instruments have been produced to measure 
yarn characteristics. These instruments use different measurement principles to 
obtain the data and often the results between them do not correlate too well [Barella 
et al., 1992]. This is very much the case with hairiness testing, where at least four 
different measurement principles are applied in industry (see Chapter 7). A yarn 
image contains much information about the yarn, and it is an important aim of this 
study to be able to correlate the yarn data from an imaging system with some of the 
forms of conventional testing. This would make such a system much more attractive 
to industry, which relies on established forms of hairiness quality indices. 
1.5 Boundaries of the field of study. 
The aim of the study was to investigate the feasibility and effectiveness in using 
machine vision for yarn quality analysis in both an in-process and off-line context. 
The relative advantages and disadvantages of this method compared to some 
conventional methods have been explored, and the data correlated. Hardware 
techniques and software algorithms have been developed to achieve the required 
result. 
The main topic areas in the thesis are yarn evenness, yarn hairiness, yarn twist, 
intermingled nip inspection, yarn image enhancement, solutions to the depth-of-field 
limitation, and optimising yarn imaging conditions. These central topics are areas 
which each involve a great deal of literature, understanding, and techniques. The 
thesis purposefully takes a relatively broad look at all these areas in order to obtain 
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an overall understanding of yam image inspection, its potentials and drawbacks. At 
several stages where depth is required, the thesis covers the work in a much more 
intensive manner. 
The range of staple fibre yarns is vast, owing to the many different spmrung 
methods, input parameters and processing parameters, and it is beyond the scope of 
this work to investigate the use of vision for all these types of yarns in an exhaustive 
manner. However, yarns made by common methods with typical parameters were 
used in the investigation. The yam characteristics for staple fibre yarns have been 
kept essentially to yam hairiness and diameter evenness. Yam twist is also explored, 
due to its importance, but a more thorough investigation is beyond the boundaries of 
this study. 
For false twisted intermingled yarns, one arm of this study is to determine the 
effectiveness of machine vision in measuring the quality and quantity of nips. This is 
studied from a purely visual point of view. Mechanical stability of the mps ill 
relation to their optical appearance as seen by the vision system is not covered at this 
stage. 
Another type of continuous filament yam is the flat yam. These yarns have 
entangled nodes, which have been imparted by intermingling nozzles. However, the 
false-twisting process also creates wide-open sections between the nodes, which are 
not present in flat yarns. This makes the detection of the nodes much more difficult 
optically. Flat yarns are investigated briefly, although more extensive work is 
needed to make such a measurement method reliable. 
The use of a yam imaging system gives much data about the yam characteristics, 
which is useful for research purposes. One such purpose is fabric simulation. This is 
where actual yam data is used to construct a picture of the fabric into which the yam 
could be woven. Certain characteristics of the yam data can be altered digitally, and 
the effect seen on the resultant fubric. This change in yam fault statistics can be 
realised either physically by clearing or by altering process parameters. Since the 
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yarn imaging system gives detailed hairiness information as well as yam diameter 
and potentially twist, it could be used to produce very realistic models of yarn 
fabrics. However, this is beyond the scope of this study, and only the principle is 
demonstrated in Chapter 9. 
Furthermore, it is not the intention of this work to investigate the physical nature of 
hairiness or evenness, using the quantity of information given, but only to facilitate 
the acquisition and processing of the data. For hairiness studies, however, further 
forms of hairiness indices were developed in this work, which take advantage of the 
detailed information in a yarn image. 
1.6 Overview of the thesis. 
The thesis is separated into ten chapters. The earlier chapters (3 and 4) are dedicated 
to optical or image processing theory, and include subject areas specific to the 
requirements of yarn imaging. The conclusions and results from these chapters can 
be applied to all the forms of yarn analysis using yarn imaging in this thesis 
(Chapters 6, 1, and 8). 
Chapter 2 consists of a background literature review of yarn imaging and machine 
vision. This review covers past developments in CCD based yam scanning, and 
highlights the main aspects of each. Chapter 2 does not cover the background 
literature or critical appraisal of current methods for hairiness, evenness, or 
intermingling inspection, since these reviews are placed in their respective chapters. 
Chapter 3 is the main theoretical analysis chapter for understanding the science 
underlying yarn imaging. Since CCD cameras are sensitive mainly in the visible 
wavelengths of light, there is a certain limit to the quality of imaging that cannot be 
overcome by better lenses, cameras, magnification, or software. This chapter seeks 
to analyse that limit, and to optirnise the yarn scanning system parameters to get as 
close as possible to it. The consequences of a finite image resolution are explained 
in terms of the corruption of yarn data. The subject areas covered in Chapter 3 are 
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electronic, digital imaging, and most importantly optical. The chapter concludes by 
bringing together the various considerations outlined to specify various yam imaging 
configurations - both for off-line and in-process inspection. Appendix A contains 
background theory for Chapter 3. 
Chapter 4 is strongly related to Chapter 3, in that it covers in detail the problem of 
the depth of field restrictions of a yam imaging system. Relevant techniques 
developed by other research are investigated through simulations, including the very 
latest wavefront encoding techniques where serious drawbacks are discovered from 
the simulations. A solution using transparent guide plates is developed, and the 
optical conditions required to optimise this method are investigated in depth. 
Appendix B contains background theory for Chapter 4. 
Chapter 5 covers optical and image-processing techniques to enhance the yam image 
and assist in the separation of the yam core from the hairs. A detailed study of 
various lighting conditions is shown, with the advantages and disadvantages of each 
demonstrated and explained. Some examples are coherent dark-field imaging (such 
as that used in the latest commercial yam instruments), incoherent dark-field imaging 
(unique to this work), and standard front-lit and back-lit methods. 
Digital image enhancement techniques are reviewed and demonstrated, including 
convolution, and a combination of convolution and standard thresholding. These 
methods are then applied to images of varying aspect ratios, simulating both low and 
high speed yam inspection. Laboratory test equipment which was designed and built 
for work in chapter 5 is also described in terms of functionality. 
Appendix C is a supplement to chapter 5, and explains a complex yam image 
processing algorithm from this research that works on yam images line by line. It has 
been superseded by image processing techniques described in chapter 5. 
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Chapter 6 is dedicated to intermingled yarn analysis. It begins by reviewing patents, 
and commercially developed equipment relevant to intermingled yarn testing. The 
problems in nip detection are explained, and remedies using digital signal processing 
are developed and tested. A series of tests are carried out on false-twisted 
intermingled yarns, which compare the performance of the yarn scanning system to 
manual inspection of the nips. A set of brief tests are also shown for the detection of 
nips in flat yarns by measuring yarn surface filament orientation. 
Chapter 7 is dedicated to yarn hairiness inspection. Again, the chapter begins by 
reviewing academic literature and commercially developed equipment relevant to 
yarn hairiness testing. New hairiness indexing methods are developed in the chapter 
to take advantage of the yarn image information. The results from the imaging 
system are correlated to the Uster Tester 3 hairiness meter, and conclusions are 
drawn. The potential for the imaging data to be correlated to other types of 
instrument is also shown. Appendix E contains supplementary information about 
commercial hairiness testers. 
Chapter 8 first deals with yarn evenness analysis using imaging methods, following 
the format of Chapter 7. Tests are carried out to compare the yarn image evenness 
data against the Uster tester 3, a capacitance evenness tester, and the Zweigle G580 
optical evenness tester. 
The chapter continues with a consideration of twist analysis for spun yarns, which 
also requires yarn diameter measurement. Twist is an important parameter to be 
measured in a non-contact manner. Yarn hairiness and evenness can both be 
measured by non-contact means, and have been for many years. Yarn twist, on the 
other hand, currently requires the destruction of the yarn structure to be measurable. 
Therefore an algorithm using the Fourier transform is developed which is designed to 
detect the yarn twist angle. This algorithm is tested on ring spun yarns by decreasing 
the yarn twist in known quantities and detecting the change using computer vision. 
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Due to its large scope, this thesis opens up many areas of investigation. Chapter 9 
suggests the path to be taken by further work, and summarises the some of the 
references made in the previous chapters to on-going research. Key areas needing 
improvement in the present yam scanning system are highlighted, with conceptual 
diagrams for proposed solutions given where necessary. Further theoretical areas of 
investigation are also proposed. 
Chapter 10 concludes the thesis. The relative successes of the various yam analysis 
tests are discussed in summary, and their achievements and limitations are re-
iterated. The feasibility of using machine vision for in-process inspection is 
discussed critically, with due regard to its advantages, hardware requirements and 
expected cost. 
Appendices A, B and C have already been mentioned in relation to Chapters 3, 4 and 
5. Appendix D gives an overview of the Loughborough Yam Scanning System, in 
terms of its functionality, and specifications, for both hardware and software. It is not 
a detailed documentation on the hardware or software set-up, but seeks to relate 
certain features to academic requirements. The important features that were 
developed for the investigation are explained and recommended where appropriate. 
There are five main software applications for yam image capturing and analysis, with 
centralised control software for automatic data transfer between them. The control 
software was written with batch testing in mind, due to the statistical nature of yam 
testing. The hardware system for yam transport, tension control, and image capture 
is also explained, with its advantages and shortcomings discussed. Appendix E, as 
already mentioned in relation to Chapter 7, outlines some commercial hairiness 
meters and discusses their usefulness. 
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literature review. 
Most of the publications reviewed in this chapter are relevant to all the forms of yam 
analysis covered in this thesis. This is because they deal with yam imaging, from 
which many yam parameters can be derived. The publications and theory specific to 
the various forms of analysis, such as evenness, hairiness, and twist, are dealt with in 
their respective chapters. In genera~ therefore, Chapter 2 consists of a literature 
review of yam imaging and machine vision. This is done in order to concentrate on 
the type of approach to yam analysis used in this work, separately from the vast 
number of other methods studied over recent decades. The yam imaging system 
developed for this thesis is subsequently referred to as the Loughborough Yam 
Scanning System (L YSS). 
2.1 Previous literature and instruments on transverse scanning 
Over the last 50 years, much work has been carried out in the area of yam hairiness 
and evenness, and is reviewed in Chapters 7 and 8. This work could be categorised 
into the theoretical analysis of the nature of the yam characteristics, and the 
development and testing of instruments to obtain the yam information. 
After investigating various types of yam analysis instruments (which are also 
reviewed in Chapters 7 and 8), it became clear to researchers that standard optical 
sensors were insufficient to acquire yam information about the core or short hairs 
[Barella et al., 1992]. 
This conclusion led to the development of the 8-V hairiness meter, followed by its 
successor the ITQT instrument, the 8-V meter being the first occurrence of 
transverse scanning for yam analysis. 
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2.1.1 The 8-V hairiness meter. 
The first transverse device to appear in academic literature around 1970 was the B-V 
hairiness meter [Barella & Viaplana, 1970a; Barella & Viaplana, 1970b; Barella & 
Vigo, 1973a; Barella & Vigo, 1974] by Barella and Viaplana. The principle of the 
measurement system was to use a vidicon tube (similar to a video camera) to scan the 
yarn. This device was significant and remarkable, in that it applied a machine vision 
line-scanning methodology before the use ofCCD cameras. 
Figure 2.1-1- The B-V Hairiness Instrument [Barella, 1983] 
The main publication describing the device [Barella & Viaplana, 1970b] is part of a 
literature survey carried out by the authors on yarn hairiness. This paper explains 
how the various hairiness indices used with it are defined, and contains tests to 
compare their performance on different yarns. The B-V meter was never 
commercialised, but was built to overcome the inability of hairiness instruments to 
give a value of total hairiness including hairs < I mm from the core as well as giving 
information on longer hair lengths. This is, of course, one of the key advantages of 
transverse scanning, and was the main reason for this instrument's conception. The 
ability to measure the yarn diameter is also taken advantage of, although not tested or 
correlated with other methods in the literature. 
The video signal contained a train of short pulses from the yam hairs and a long 
pulse from the core. The pulses were processed electronically to have a constant 
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height. Using a series of mixers, flip flops, and other elements, a diameter 
measurement and two forms of hairiness index could be measured. The first 
measured overall hairiness, and the second was an indication of hair length. The 
ratio of the two hairiness indices gave an indication of the type of hairiness present in 
the yarn [Barella & Vigo, 1973b; Barella et al., 1992]. The hairiness indices first 
developed for this device were used in subsequent test instruments [Barella et al., 
1980] and are now used amongst others in the L YSS. See Section 7.4.2 for more 
details on the indices for this device. 
The disadvantages with this system, as mentioned by its makers [Barella & Viapiana, 
1970], was that the yarn had to be scanned very slowly, making the yarn through-
speed very low. It is not clear from the literature what that speed was, but a 
subsequent publication on an improved device [Barella et al., 1980] refers to the B-V 
instrument as having 'inertia' and requiring very low test speeds. The results are not 
as reproducible as a CCD system, and are also affected by thermal influences. It is 
not clear from the literature what was the length-wise resolution of the system. 
2.1.2 The digitallTQT instrument. 
The next device built by the same researchers was the ITQT hairiness meter [Barella 
et al., 1980; Barella & Manich, 1985; Barella et al., 1992], which is in fact a CCD 
line scanning system. The first paper [1980] gives useful information about the 
practical implementation of such a system, which is relevant to the current study. 
The ITQT was intended to overcome the shortcomings of the B-V hairiness meter 
due to slow transverse scanning, low reproducibility and adverse effects from 
thermal influences. It used a CCD line-scan arrangement which had 1728 pixels of 
13 by 17 Ilm pitch. It used foreground lighting to illuminate the yarn against a dark 
background, and was illuminated by incandescent lamps of the tubular type. 
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Figure 2.1-2 - The DigitalITQT CCD hairiness meter principle. 
Figure 2.1-3 - The ITQT instrument. [Barella 1983] 
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Important points to note about the system are described below: 
• The illumination was on a closed loop system, with the crest of the light intensity 
profile of the CCD acting as a reference. This crest was caused by the reflections 
from the yam core, and the intensity of the lamps was adjusted continuously to 
keep the crest of the profile at a constant level. This technique was claimed to 
improve the repeatability of the tests. 
• The ITQT used an analogue two-threshold system on the video waveform output 
to obtain the hairiness and diameter information. The thresholding system was 
also continuously controlled, to adjust to changes in lighting intensity and 
contrast. 
• A filtering circuit filtered the hair frequencies from the core to give the core 
diameter and hairs separately. It is unclear from the literature exactly how this 
was done, which is unfortunate, as it is such an important area of yam scanning. 
However, the description given is that the two thresholds mentioned previously 
were set to 60% and 30% ofthe crest voltage, and used to threshold the yam core. 
The outputs of these two threshold comparators were passed into digital circuits, 
which would 'adjust the hairiness phase with respect to the diameter causing a 
filtering effect'. It is not clear whether any form of convolution was applied. 
• The yam was viewed from one angle only by the camera. 
• The hairs were not forced electro-statically into upright positions prior to being 
scanned. The designers argue that this would give a misleading measure of yam 
hairiness. 
• The hair information was used to calculate the same indices as the B-V 
instrument, via an arithmetic and logic unit, as well as a few statistical measures 
of these indices such as maximum and minimum. 
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In a later publication [Manich, Barella & Vigo, 1981] there is an investigation into the 
use of the meter for hairiness comparisons on open end spun yarns where tests are 
carried out with a yarn through speed of 6.5 mlmin. The lengthwise resolution is 0.4 
mm per scan with a scan rate of 250 Hz. These values are surprisingly poor, 
considering that the spatial distribution of hairs for staple fibre yarns can be above 3 
per mm. The scan rate appears to be fixed at 250 Hz, and yarn samples are of the 
order of tens of centimetres of yarn. 
Although again not commerciaIised, the ITQT was a significant development in yarn 
analysis studies. Various correlations with its test results against other instruments 
were carried out [Barella et aI., 1992] and are reviewed in Chapter 7. However, the 
ingenuity of design and attention to detail made it an important device for yarn 
analysis. 
The device's shortcomings were that the yarn image analysis methods were entirely 
digital-electronic. By this, I mean that the yarn image scan lines were analysed 
independently from each other in a fashion suitable for digital electronic counting 
and analysis. As with any image however, important information can be obtained 
from the relationship between scan lines. The thresholding of the analogue line scan 
output into rectangular constant height pulses also removed / ignored information 
about the hairs in the image. Consequently the electronic image analysis method 
gave little room for developing other indices which would help to correlate the test 
data to other yarn analysis instruments. 
Camera technology and image processing hardware has improved considerably 
since the time when these devices were made, and hence they represent a major step 
forward for their time in the automatic inspection of yarn quality. 
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2.1.3 Yarn image processing system 
In 1994, a yarn image processing system based on the Projectina microscope was 
developed in Hungary [Vas et al., 1994]. This work constitutes the most significant 
contribution to yarn twist measurement using image processing, and also takes a look 
at yarn diameter measurement, as well as convolution image processing techniques. 
The contribution to yarn twist from this work is summarised in Chapter 8. 
The optical arrangement of the device was such that a magnified yarn image could be 
viewed by the user, as well as captured by an area scan CCD based imaging system. 
A flexible image processing software front-end was developed for use with the 
apparatus, which was designed for quick and accurate measurements as well as 
allowing for some degree of experimentation, similar to the software system 
developed for the L YSS. 
The optical arrangement is designed so that the yarn can be analysed in micro mode 
for fibres, or macro mode for yarn diameter and twist. The illumination technique is 
also interesting, in that the yarn is back-lit using a condenser lens system for fibre 
and yarn diameter measurement, and tangentially lit from the front in order to 
determine fibre twist angle. These two methods are sometimes used simultaneously. 
A rarely seen attempt at defining the yarn diameter from a yarn image is given, 
which is utilised in chapter 8. 
The system does not appear to include an integrated yarn transportation system such 
as that in the L YSS, without which measurements taken over meaningful lengths of 
yarn are not possible. Although there is a reasonable description of the system 
hardware and software, there are not a great number of test results given, which is 
unfortunate considering the system's sophistication. Nevertheless, some of the 
techniques of this work have been applied in the L YSS system 
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2.1.4 The Lawson-Hemphill Yarn Profile Tester YPT. 
Within the last 5 years, the Lawson-Hemphill company has been developing a set of 
yam testing equipment based around a constant tension yam transporting device 
known as the CTT. This instrument is discussed in Chapter 6 for its intermingled 
yam analysis abilities. However, an important attachment to the device is the Yam 
Profile Tester, which is one of the few CCD based yam scanning devices available 
commercially. 
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Figure 2.1-4 -Lawson-Hemphill CTT-YAHT Yarn appearance and hairiness tester 
{Lawson-Hemphill, 1998, p. 30J 
Important points to note about the device are as follows: 
• The line to line resolution is typically 0.5 mm, and the yam test speed IS 
typically 100 mlmin. This resolution is surprisingly low. 
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• The yam is back-lit using a filament light source, without using a field lens 
arrangement. 
• The hairs are blown using compressed air, to cause them to stand upright 
prior to scanning. 
• The software for the instrument can take the data, and construct a fubric 
simulation in the form of an Electronic Inspection Board (EIB). This simply 
simulates the yam being wrapped around a test card in the same way as an 
older manual inspection method [Slater, 1986, p. 22]. The EIB can be 
applied to yam diameter, yam hairiness, and intermingled yarns. The effect 
of removing the hairs from the core can also be viewed with the hairiness 
EIB. 
• The effects of clearing (removing yam sections greater or less than pre-set 
limits) can be seen with the EIB, as well as a thick / thin place matrix similar 
to the Uster Classimat system [Go swami, Martindale, & Scardino, 1977, p. 
240-242]. 
• The yam is only viewed from one angle with the camera, for both diameter 
and hairiness analysis. 
• It is not clear from the literature whether any form of yam image processing, 
such as image filtering, is used. The sales literature claims that the software 
allows 'separation of core yam from hairs' [Lawson-Hemphill, 1998, p. 31], 
but the method and effectiveness of this is not shown. Owing to the low line 
resolution, it is not possible from the sample images to determine the quality 
of the imaging. 
• The hairiness software provides a useful method of hairiness counting, which 
is similar to older established hairiness meters in its approach. It counts the 
number of hairs which cross pre-set distance levels from the yam core. There 
are six settable distances. The effectiveness of this method is very 
questionable at such low line resolutions, especially near the yam core « 
I mm). 
• The device is capable of in-process monitoring of hairiness if required. 
• Intermingled yam monitoring is possible, including fabric simulation of the 
test data. 
23 
Chapter 2 - Yam imaging background and literature review 
• The yarn diameter can be monitored along with the hairiness, and checked for 
regularity and faults such as slubs and knots. 
• The device can image air-jet textured yarns. It is also able to determine the 
core width for these yarns, which is not possible using other methods of 
optical yarn testing due to the high near-core filament density. This 
conclusion is also found in the tests from the L YSS. 
The Lawson-Hemphill testing equipment is certainly the most advanced image based 
yarn analysis instrumentation commercially available. The line and pixel resolution 
appear quite low, considering the hairiness counting methods used, and the types of 
yarn it can analyse (air-jet textured). Nevertheless, much work has been carried out 
on the software in recent years and the instrument was presented at the ITMA 1999 
exhibition, along with the various forms of its testing configurations. 
2.1.5 Digital Strand Analyser 
In the late 1980s, Microdynamics Corporation's CCD based instrument, "Digital 
Strand Analyser", made a brief appearance in textile circles. This instrument was 
claimed to have a high speed sensing system of high accuracy. It was designed to 
detect, sample and record small diameter differences or variations in shape during the 
manufacture or laboratory study of filament-like materials. A number of application 
software packages were claimed to have been written or under construction for this 
instrument, to allow it to perfonn as nip frequency counter, evenness tester, hairiness 
tester, and linear density monitor, among many others. There are no publications 
concerning this device other than its own sales literature. 
2.1.6 Uster Tester 4 SX 
A very recent instrument to become available commercially is the Uster Tester 4-SX 
[Soil, 1999]. This instrument is similar to an earlier, well-known instrument, the 
Uster Tester 3, but it has certain enhancements involving machine vision. The Tester 
3 measures hairiness using the diffracted light from the yarn hairs, an example being 
shown in Figure 2.1-5 (taken from sample images in chapter 5). The sensor for this is 
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a single photo-sensitive device. In the Uster Tester 4-SX, this fonn of spatially 
filtered yarn image is captured via a CCD camera, and the core diameter is 
detennined from the image. This is an important development for transverse 
scanning methods. Furthennore, the yarn is also viewed from two right-angled 
perspectives as with the L YSS. 
Figure 2.1-5 - Coherent dark-field image of a rotor spun yarn. 
This tester represents a significant move towards the use of optical means of yarn 
testing, although it also still uses the conventional mass evenness testing. It takes 
advantage of the filtering properties of coherent light, to produce a yarn image from 
which the diameter can be detennined. It is important to mention here that the 
number of hairs, and their lengths, cannot be properly determined from a coherent 
dark-field image, and no attempt is made to do this in the Uster Tester 4. 
Dark-field imaging is a technique where the illumination source is removed from or 
reduced in the background of the image relative to the object under inspection. For 
coherent illumination systems, this can be achieved by removing the zero spatial 
frequency component of the image using Fourier optical techniques. This technique 
is explained further and tested in section 5.5.3, page 145. For incoherent illumination 
systems, spatial filtering is not possible optically, but dark-field imaging can be 
achieved by not allowing the illumination source to be imaged by the camera, and 
still having the source behind the object. This is explained further and tested in 
section 5.5.4, pagel57. 
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2.2 Conclusions 
Although there is very little academic research published on the development and 
successes of computer vision in yarn analysis, there has been significant 
development in recent years in commercial instrumentation. However, there is no 
systematic explanation or theory published explaining the relationship between the 
core and the hairs in a yarn image. Furthermore, there is no development of 
algorithms which take advantage of high resolution yarn image data. Therefore, 
there is a need to understand the imaging requirements of yarns theoretically and 
practically, as well as to develop algorithms and methods which assist yarn image 
capturing and analysis. 
This thesis attempts to solve some of these issues, especially in the areas of 
understanding yarn image resolution limits, yarn depth of field assistance, optical 
pre-processing, image analysis and correlation with other methods. The potential of 
using machine vision for yarn inspection is explored in the context of developing an 
instrument that is able to make full use of the detailed yarn image data, and analyse 
twist, hairiness and evenness in various combinations or all at once. 
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the yam image resolution. 
3.1 Introduction 
With any optical system that is used for imaging a physical object onto a sensor or 
receiver of some kind, there are always a number of limitations that prevent an exact 
copy of the object being reproduced. These limitations cause the image to blur, and 
hence to lack a degree of definition and detail (which in high quality imaging 
systems is almost undetectable to the human eye). For textile yarns, the quality of 
the yarn image can be related to its spatial resolution, which is a measure of the 
definition of the image, and is defined in Appendix A. 
A yarn image consists of very high spatial frequencies. In order to measure yarn 
twist, the helix angle of the surface fibres on the core needs to be measured, but since 
the surface fibres lie in a closely packed manner, the spatial resolution required to 
resolve them needs to be several times the size of one fibre. 
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Figure 3.1-1 - Ring spun yarn, showing high spatial frequencies needed to measure 
twist angle of surface fibres. 
The extruding fibres or filaments themselves are of the order of tens of microns or 
less, and it is useful to resolve the gaps between them for hairiness calculation 
algorithms and sometimes core width determination also (addressed in detail in 
Chapters 5, 7 and 8). These gaps can be much narrower than the filaments 
themselves, especially in air-jet textured yarns. As has already been explained in 
Chapter 2, one advantage of yarn imaging using machine vision is that hairs close to 
the yarn core « lmm) can be detected even with an uneven yarn core width. This is 
not true for conventional hairiness measurement methods such as photoelectric fibre 
detection. However, the spatial frequencies in a yarn image are highest where fibre 
densities are highest, which is inevitably next to the core. This is shown in Figure 
3.1-2, the yarn image captured using the L YSS. Furthermore, the yarn core needs to 
be separated from the hairs in close proximity to it, to prevent an undesirable 
widening of the core width measurement. Therefore, it is important to maximise the 
spatial resolution of the yarn image in order to improve the accuracy of the various 
parameters calculated, especially when high fibre densities are present. 
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Figure 3.1-1 - Ring spun yarn, showing high spatial frequencies needed 10 measure 
twisl angle of surface fibres. 
The extruding fibres or filaments themselves are of the order of tens of microns or 
less, and it is useful to resolve the gaps between them for hairiness calculation 
algorithms and sometimes core width determination also (addressed in detail in 
Chapters 5, 7 and 8). These gaps can be much narrower than the fi.Iaroents 
themselves, especially in air-jet textured yarns. As has already been explained in 
Chapter 2, one advantage of yarn imaging using machine vision is that hairs close to 
the yarn core « lmm) can be detected even with an uneven yarn core width. This is 
not true for conventional hairiness measurement methods such as photoelectric fibre 
detection. However, the spatial frequencies in a yarn image are highest where fibre 
densities are highest, which is inevitably next to the core. This is shown in Figure 
3.1-2, the yarn image captured using the LYSS. Furthermore, the yarn core needs to 
be separated from the hairs in close proximity to it, to prevent an undesirable 
widening of the core width measurement. Therefore, it is important to maximise the 
spatial resolution of the yarn image in order to improve the accuracy of the various 
parameters calculated, especially when high fibre densities are present. 
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Areas of 
high spatial 
frequency 
concentrations 
Figure 3.1-2 - A back-lit yarn image (ring spun cotton yarn), showing the 
concentrations of high spatial frequencies. 
The frequency response of an imaging system in this context is the effect that the 
system (comprising of lenses, CCD pixelation etc.) has on the spatial frequencies 
making up the image. 
Examples of the factors contributing to yarn image degradation are aberrations from 
the lens, misfocus (out-of-field) blurring, the numerical aperture/diffraction limit, 
and transparency of the fibres. Each of these has a low-pass spatial frequency 
response, and multiplying the individual responses together forms the overall 
frequency response. 
It is useful to know the individual responses (from here on referred to as 'transfer 
functions' for optical effects, and 'frequency responses' for electronic effects) for 
several reasons. One reason is that these responses aid in the design of high-pass 
filters, which enhance a yarn image before processing. Another reason is that the 
yarn scanning system can be optimised on the basis of maximising the bandwidth of 
the overall frequency response, by changing certain imaging parameters such as 
aperture, magnification, illumination. An understanding of the effect of these 
parameters on the responses leads to the determination of optimum imaging 
conditions. 
This chapter documents the various contributing factors that degrade the yarn image 
spatial resolution, and discusses the consequences and solutions of such problems. 
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Appendix A covers terms used commonly in Fourier optics and optical imaging, 
which are subsequently used for the analysis sections in this chapter. Some of these 
terms will be very familiar to people working in imaging, but are included to provide 
a more self-contained treatment of this subject area, which is fundamental to the 
thesis. 
The section at the end of the chapter brings together conclusions from several 
sections in the chapter to select optical and imaging conditions for the yam scanning 
system. Various yarn imaging configurations are identified for different applications 
such as twist, yam hairiness, diameter, or a combination of these. The configurations 
are also analysed in both high- and low-speed modes of operation, in terms of the 
rate of information acquisition. 
3.2 The ideal frequency spectrum for a 26 micron fibre and 0.3 
mm core. 
To begin the analysis, two simple objects (a fibre and core shadow) simulating ideal 
imaging conditions (no blurring, with opaque fibres) are shown in terms of their 
object power spectrums. This is in order to obtain an idea of the frequency ranges 
involved. Figure 3.2-1 shows the light intensity profiles of a fibre and a core 
separately. The square edges shown in the profile represent an ideal situation, 
whereas in practice they are substantially rounded due to the spatial resolution limits. 
The scale of light intensity is arbitrarily normalised to 1 for maximum intensity. For 
the sake of this discussion the units do not need to be defined physically. 
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Figure 3.2-1 -ideal light intensity profiles of afibre and core. 
In order to see the relative spatial frequency contents of these profiles, I use the 
Fourier transform, and square it to obtain the power spectrum. The shape of each 
spectrum is one half of the square of a sinc function (which is the F ourier transform 
of the top hat function - see Equation 3.2-1 and Figure 3.2-2). 
Equation 3.2-1 
where C, D ,x and ware shown in Figure 3.2-2. 
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Figure 3.2-2 - The Fourier transform of a top hat function (assumed here as afibre 
shadow light intensity profile). 
Figure 3.2-3 shows the object power spectrums for the two profiles of the yam core 
and fibre from Figure 3.2-1. It can be seen from this graph that a large proportion of 
the power in the fibre spectrum lies outside of the range where most of the core 
frequency power is. This has important implications in terms of separating the yarn 
core from the fibres in frequency space. The yam core and hairs can be separated by 
optical spatial filtering, and are done so by the Uster Testers 3 and 4 [Zeltner, 1984] 
and by the tests in Chapter 5. 
The power spectrums are not norrnalised, so that the relative powers of the features 
can be compared. The magnitudes of the frequency powers are arbitrary in absolute 
terms, but are useful when comparing one spectrum to the other. Figure 3.2-4 
contains the same power spectrums plotted with a logarithmic scale to show the 
complete power range. From this, the maximum power in the fibre signal (excluding 
the zero frequency maximum) is around 4. The maximum in the core signal is 
around 500. 
The zero frequency order of any signal is the mean value of that signal. These 
simulation images assume background illumination, since often the yarn is back-lit. 
Therefore the zero frequency value contains virtually aU of the image power. This 
explains the large rise at frequency zero in Figure 3.2-3. If the yam is illuminated 
with front lighting (which in this simulation is achieved by flipping the profiles of 
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Figure 3.2-1 in the vertical axis), the power spectrum remains the same, even in 
magnitude, except that there is no large zero frequency component because the mean 
light level is much less. Practically speaking, the amount of light received by the 
camera is less, and therefore a much more powerful light source is required. 
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Figure 3.2-3 - Power spectrums of the fibre and core profiles shown in Figure 3.2-1. 
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Figure 3.2-4 - The same power spectrums, with a logarithmic power scale. 
3.3 The diffraction limit from the lens aperture, and the selection 
of light wavelength. 
Every lens has an aperture due to the lens's finite diameter. Most camera lenses and 
optical systems use an additional adjustable aperture, which forms the exit pupil of 
the optical system. The Abbe theory of irnaging shows that with a finite aperture in 
an optical system, there is a corresponding spatial resolution limit in the image 
[Goodrnan, 1996, pp. 128-136). More precisely, any finite lens aperture will have a 
corresponding low pass filter effect upon the transfer function. Any object with a 
high spatial frequency content requires a lens system with a low 'F number' (i.e. a 
large lens). 
m 
fo = 2F?.(1 +m) 
Equation 3.3-1 
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In the above equation, /o is the cut-off spatial frequency for the object in the CTF (2/0 
is the cut-off for the OTF), A. is the light wavelength, F is the lens aperture 'F 
number' (focal length I aperture diameter) and m is the magnification. 
H 
,......--
fx 
\ 
fx 
t;, 2t;, 
Figure 3.3-1 - The coherent (leji) and incoherent (right) illumination transfer 
functions (CTF & OTF respectively) due to the lens aperture. 
Figure 3.3-\ shows the CTF and OTF for coherent and incoherent illumination 
respectively. Note that the cut-off frequency for the OTF case is twice that of the 
CTF, but at reduced amplitude along its profile. 
Figure 3.3-2 shows the transforms of 26 and \ O-micron hairs. The cut-off positions 
caused by apertures at given 'F numbers' are shown. The lower graph on Figure 
3.3-2 shows the same situation using an incoherent light source. 
The graphs refer to the object (yarn) transfer functions, with the magnification set at 
I, and the light wavelength at 420 run. If a higher magnification is used, the fibre 
spectrums remain unaltered because they are referred to the object, but the position 
of the cut-off frequencies vary according to the magnification. 
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Aperture dependent cut-off frequencies (coherent) 
f22 
1 " .. , 
\ \ 
f8 
f11 f6 .5 f4.0 12.8 
\ )(" .. .-.--. 26 m eran fib e 
\ \, \ /1---
0.5 \ \ 10 micron Ibre 
100 200 
f1 .8 
300 400 
OTF due to apertu re (incoherent) 
1 
100 200 300 400 
line pairs / mm 
500 
500 
600 
600 
Figure 3.3-2 - The diffraction limits due to the lens aperture superimposed onto 
Fourier transforms of 26 and 10 J.UfI hairs - magnification 1. 
It is important to mention at this point that the comparison between incoherent and 
coherent imaging is not a simple one. In Appendix A, it is shown that for incoherent 
imaging, the image frequency domain is the product of the auto-correlation of the 
CTF, and the auto-correlation of the image. Consequently the best form of 
illumination will depend upon the frequency of the image. A treatment of this 
subject is given in Goodrnan [1996], pp.l54-156. However it is sufficient to say here 
that the attenuating nature of the OTF (incoherent imaging) was found to be 
detrimental in tenns of yam image contrast and resolution during the tests in Chapter 
5, where the aperture was reduced to prevent aliasing. This is because in general, 
coherent imaging favours mid-range frequencies (between 0 and ID), which also 
provide the contrast in a yarn image. 
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3.4 Selection of light wavelength. 
The wavelength of light in Figure 3.3-2 is set to 420 nm (visible violet light). FroQl 
Equation 3.3-1 it can be seen that the cut-off spatial qeq4ency is inversely 
proportional to wavelength. fI\)l1p~ py S\!tting at the lowest visible light wavelength 
we can in part optirnise *Il ~rtic~ system. In order to use this wavelength in the 
ralysis wf;l wP»1~ /¥Iv~ fQ assume !\ \land of light centred around 420 om with a 
small PijQlt&h Pl\nqwj~tj1 t~t t?~ light can be considered "quasi-monocl]romatic" 
[qpq~ 19~a, p. 108]. In practice, however, we would use a white light source 
c911trfrli \lll l\I"ound 550 nm, unless the application resolution requirements demanded 
1119 ~~~ of visible violet light. Since the analysis in this chapter is for obtaining the 
best imaging conditions, the violet wavelength is used in the theory. 
When imaging with a broad bandwidth of light for both spatially coherent and 
incoherent light, the effective optical transfer function is the superimposed addition 
of the individual transfer functions at the specific wavelengths in the band. 
Consequently, for white light, the transfer function would be the combined average 
of the transfer functions from 400 to 700 nm. To obtain the transfer function with 
the highest spatial frequency range and lowest attenuation at mid-range frequencies, 
we would need to restrict the bandwidth of the illumination to a width that 
adequately preserves the optical transfer function at the centre wavelength of the 
band. 
To do this practically, there needs to be a sufficiently high-powered light source 
across the specified wavelength band. It is possible to use a white light source such 
as a halogen tungsten filament lamp, and to implement a custom-made light filter 
that band-passes the specified band. The use of the filter means that only a fraction 
of the light energy available from the lamp is passed through, and therefore there is a 
lower limit to the practical bandwidth of the filter. It is possible to construct laser 
diodes which emit wavelengths at the blue end of the visible spectrum [Nakamura, 
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1997], although these would need to be made spatially incoherent using a rotating 
ground glass screen or some other form of speckle-free diffusion. 
Furthermore, the responsivity at violet wavelengths is significantly less than at the 
optimum wavelength for standard CCD cameras such as that used in the L YSS 
fLoral Fairchild CCD irnaging data book, 1991 , p. 191]. However, it is possible to 
purchase CCD cameras which are sensitive down to the range of2S0 nm such as the 
Dalsa linescan IT -F6 [Savage, 1999]. It is convenient to use only visible 
wavelengths for safety and practical reasons, and consequently the shortest visible 
wavelength is chosen as the most suitable for the purpose of this analysis. 
For certain configurations of the yarn irnaging system (low magnification and high 
depth of fie ld without apodisation), the upper limit to spatial frequency is determined 
by the CCD pixel resolution and not aperture. Consequently in these configurations 
there is no advantage in using violet light, and therefore it is more practical to use 
white light sources. This of course, is not the case for higher magnifications where 
the upper limit to spatial frequency is caused by optical effects. 
3.5 The blurring due to out-of-field aberration. 
Loose fibres exist evenly around the yarn circumference, not in a single plane (as 
would be ideal from an irnaging point of view). The requirement for a large lens 
outlined above (section 3.3) means that a practical depth of field for the yarn is much 
smaller than that needed by its geometry. This subject is dealt with in considerable 
depth in Chapter 4. However, certain conclusions from that chapter are referred to 
here, to aid in the overall analysis of the yarn irnaging degradation. 
3.5.1 Limited aberration using mechanical guidance 
One solution to the depth of field problem is to guide the loose fibres mechanically 
into a plane, blown upright using air (as in the Lawson-Hemphill YAHT Instrument 
discussed in their sales literature), or electro-statically forced upright [C.R.I.T.E.R, 
1961]. 
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Figure 3.5-1 - Simple mechanicaljibre guidance into a planar region to aid 
focusing. 
The mechanical guide is dealt with optically in Section 4.5 and from a hairiness point 
of view in section 7.3. J. It is important to realise here that there is a limit to how 
close together the guide plates can be to allow the yarn to pass through freely. Any 
position on the yarn that is outside the correct object plane will have a degree of 
defocusing on its reproduction in the image. Due to a finite object depth, the degree 
of defocusing that occurs will act like a low pass filter on the transfer function. 
If the perfectly focussed object plane is set midway between glass guide plates, and 
the maximum out -of-field distance allowed by the plates is given the variable e, then 
the guide width is 2e. Figure 3.5-2 shows various OTFs for various guide widths 
referred to the object (yarn). In practice, the fibres will distribute themselves along 
the guide walls, because nearly all lie at other orientations than perfectly in the line 
of the guide axis. This does not include very short fibres « e in length), which are 
not long enough to be oriented significantly by the guide. 
Section 4.5 shows how the aperture needs to be optimised for different guide widths. 
The criteria for its optimisation is derived in that section, but it is sufficient to say 
here that these OTFs use the A I 2.8 wave aberration limit criteria derived from this 
work. From this, the incoherent cut-off frequency referred to the object is given by: 
tE 2 -2--f ro - 2.8eA. 
Equation 3.5-/ 
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It can be seen from the above equation that the incoherent cut-off frequency is 
independent of magnification. This is a major conclusion of Section 4.5, which 
shows that when the aperture is optimised according to the limited wave aberration 
criteria, then the aberrations from the out-of-field effect become independent of 
magnification. Put simply, this means that increasing the magnification will not 
improve the spatial resolution of the image for this type of aberration. 
Out of focus OTFs varying guide width 2e (aperture optimised) 
1~----~------~----~----~------, 
2e=O. lmm 
100 200 300 500 
line pairs I mm 
Figure 3.5-2 - The normalised OTFs referred to the object for out-offield errors 
caused by finite guide widths 2e. 
Figure 3.5-2 shows the attenuating effect on the OTF, due to the misfocus of hairs 
lying at specific distances e from the imaging plane, with the aperture set at its 
theoretically optimum position for such a case. 
3.5.2 Severe misfocus of unguided yarn 
If mechanical guidance is not used, then a far higher level of misfocus will occur in 
spun yam images. Chapter 4 deals in much greater detail with theory and solutions 
for misfocus, but an illustration is shown here of severe misfocus, using established 
optics theory shown in Chapter 4, and Appendix B. The illustration shows the effect 
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of misfocus upon a long fibre protruding from the yarn core at different angles. The 
simulations use one-dimensional incoherent PSFs from a clear circular aperture. 
For applications that require both hairiness detection and high resolution yarn surface 
images (such as twist angle determination - configuration 1 in Section 3.11.1), an 
image of a fibre at a radial distance 7mm from the core, and at an angle from the 
object plane, will be greatly attenuated in amplitude and increased in width. To 
show this effect, I have chosen a magnification of 3.6 (being possibly the minimum 
required for twist determination), and angles of 45, and 85 degrees. The choice of 85 
degrees is to represent the theoretically largest distance a hair 0 f given length can be 
from the core, without being obscured by it. It is however, probably not necessary to 
measure such hairs in any case (see discussion in section 7.3), and consequently the 
45 degree angle is also chosen to represent more realistic degrees of misfocus. 
····-~T ~~T--··-
45 > ~; 850 
Figure 3.5-3 - Unguidedfibres viewed out a/the object plane. 
At 45 degrees, the fibre has a maximum distance from the object plane of 4.95 mm -
for 85 degrees this is 6.1 mm. For the magnification setting of 3.6, and using a total 
anti-aliasing optical configuration procedure shown in Section 3.11.2, the path length 
errors for these distances are w20=6.5A. and 8A. respectively. If we assume that the 
fibre has a width of 15 ~m, the point spread functions for these fibre tips are shown 
in Figure 3.5-4. 
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Effects of mlsfocus on 7 mm 15 micron hair 
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Figure 3.5-4 - Cross-section offibre intensity profiles after severe misfocus. 
The point spread functions were calculated by numerically taking the inverse 1 D 
Fourier transform from Equation B.2-7 The fibre intensity profiles were taken by 
numerically convolving a ID 15 ~ top hat function with the PSFs. 
From these intensity plots, it can be seen that the fibre intensity amplitude is reduced 
in the 45 degree case to 5% (26 dB), and widened by 16.6 times to 250 microns 
(width taken at .707 maximum intensity). For the 85 degree case, the intensity 
reduction is 4% (30 dB), and the width is 330 microns. 
It is true to say that with an attenuation to 4-5% original intensity, this level should 
still be detectable except in conditions of low signal to noise ratio. It should be 
remembered however that the 5% is the ratio of the intensity from the fibre image to 
its ideal object. In practice, however, if the fibre object were only at 50% of the 
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maximum detectable intensity due to its transparency and other effects, the effective 
attenuation would combine to become 2.5% or less. Furtbermore, the widening 
effect of misfocus on the fibre can, upon binarising by a threshold, cause it to 
represent a larger degree of hairiness for algorithms which are based on integrating 
hair pixels (see section 7.4). Hence, it is necessary to reduce the effect of misfocus 
for unguided yarns, which is covered extensively in chapter 4. 
3.6 The CCD sampling array. 
The image sampling of the CCD has important effects on the effective imaging 
transfer function. Each CCD pixel can be considered as a square (or in some CCDs a 
rectangular) photo-sensor. The CCD camera circuitry converts the average light 
profile incident upon the pixel area into an analogue voltage. These voltages are then 
digitised via an analogue-to-digital converter to form a digital image. This process 
can be represented by the imaging transfer function ITF. The ITF is represented in 
digital frequency space since the image pixels are discrete points. To find the ITF, I 
have modelled the CCD irnaging process mathematically. 
Effectively, the CCD averages the light profile over the area of each pixel, and 
samples at the pixel centre. This is equivalent to convolving the light profile with a 
rectangle function the width of a pixel, and multiplying by a sampling function of an 
array of Dirac delta functions (the comb function). 
Consider that the continuous light intensity function arriving at the CCD sensor from 
the optical system is denoted l(xJ. The subscript i in this instance means the variable 
is referring to the image plane, and is a convention used throughout this thesis. (The 
subscript 0 is used to denote the object plane.) Upon convolving with the CCD pixel 
area and sampling by the CCD, the resultant intensity profile can be represented in 
grey levels as follows: 
g(x,) = [/(Xi )® rec{ ;~ )]x comb(~ ]x rec{ :~) 
Equation 3.6-1 
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Where :-
ex is the pixel width in the scan line axis, 
p is the distance between pixels (pixel pitch), 
n is the number of pixel elements. 
Also: 
rect(s)= {
I for Isl <= 112 
o otherwise 
w 
comb(s)= L)(s-n) 
Using the convolution theorem, and by applying identities to the Fourier transforms 
of the rect and comb functions (which become sinc and comb functions respectively), 
Equation 3.6-1 can be shown in the spatial frequency domain. 
G(rx,) = lL(r..) x cxsinc(Jr cJx.)j®comb(P!x')® npsinc(np!x,) 
Equalion 3.6-2 
where: 
G(fxJ is the Fourier transform of g(xJ 
L(fxJ is the Fourier transform of l(xJ 
The first product of Equation 3.6-2 shows the low pass filtering effect of the CCD 
pixel areas, in that the spectrum is multiplied by a sinc function, where the first zero 
crossing occurs whenh = l /c (Figure 3.6-1). The convolved sinc function at the tail 
of the expression can effectively be ignored, since the spectral frequency term has an 
n X p product. Provided n is high (1024 pixels for the L YSS camera), the main peak: 
of the sinc function becomes very narrow (between zero crossings tifx = 2Inp), and 
thus its convolving effect on the transfer function is only slight. 
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The most significant term is the comb function, which has a periodicity of l!.j. = lip. 
Since this is convolved with the first sinc term expression, the sinc function is 
repeated with the periodicity of the comb function (see Figure 3.6-1). However, the 
first zero crossing of the sinc function is l!.j. = lie. From the CCD data book used for 
the L YSS [Loral Fairchild CCD lmaging Data book, 1991], the pixel pitch and width 
are equivalent (e = p), but in practice e would normally be slightly smaller than p. 
Due to the similarity between c and p, the transfer function from CCD pixelation has 
large values for frequencies greater than the Nyquist frequency (half the sampling 
frequency fsI2). This will cause aliasing if these frequencies are present in the 
image. 
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Figure 3.6-1 - The 1TF transfer function from CCD pixelation showing aliasing. 
The black solid line in Figure 3.6-1 represents the ITF from CCD pixeiation. The 
blue dotted line is the reflected ITF from the next period. 
The frequency scale of the ITF is dependent upon magnification. The scale in Figure 
3.6-1 can be read directly assuming a magnification of 1. By comparing this with 
45 
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Figure 3.3-2, it can be seen that that all aperture F numbers less than F22 will cause 
aliasing for perfectly in-focus images. Furthennore, comparing it with Figure 3.5-2, 
none of the guide widths shown will allow misfocus beyond 38 lp/mm. The 
conclusion, therefore, is that CCD pixeiation will be the predominant effect at low 
magnifications. 
However, if the magnification is increased, then the frequency scale in Figure 3.6-\ 
also increases by the same factor (for example, a magnification of 5.2 would give the 
first zero crossing at 400 lp/mm, and the Nyquist at 200 lp/mm). At this 
magnification, the OTF arising from the lens aperture (assuming a guide width of 0.5 
mm - see Figure 3.3-2) would attenuate frequencies higher than the Nyquist point, 
and thus prevent aliasing. However, the magnification is increased at the expense of 
the field of view, which is decreased by the same factor. 
The use of the aperture to prevent aliasing is shown in Section 3.\\ , as well as 
various configurations of resolution, magnification, and sensor size. 
3.7 Blurring due to the yarn motion. 
3.7.1 The effect of yarn motion on the ITF. 
An image captured using line-scan cameras is composed of sequential lines of image 
data, usually taken with a stationary camera, the object moving perpendicular to the 
CCD line. This is the case with yam scanning. Each line scanned takes a finite 
amount of time to integrate the light falling onto the sensor, and this time is 
determined by the line rate. (This is not strictly the case for exposure controlled 
cameras, which are discussed in section 3.7.2) 
In order to find the imaging transfer function for the blurring due to the object 
motion and sampling at each line, I have used the same principles as for the CCD 
sampling across the line in Section 3.6. Here, however, the transfer function 
represents vertical rather tban transverse frequencies. 
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For clarity, consider that the image incident onto the CCD sensor is tenned the light 
image. The image that is digitised and stored within computer memory is the digital 
image. 
Consider also that the light image is composed of vertical (lengthwise) light strips or 
profiles, each the width of one pixel and the length of the entire yam image. In this 
analogy there are the same number of vertical profiles as there are sensor pixels, one 
for each pixel. Each vertical line light profile is converted by a single corresponding 
pixel on the CCD into a digital line of image pixels, as the object is moved under the 
camera. 
In Equation 3.7-1, I have derived the imaging spatial processing function due to the 
object motion in the vertical axis and the line-by-line sampling. It is explained 
below. The subscript i indicates the variable is referred to the imaging plane (0 refers 
to the object plane). 
Equation 3.7-1 
where: 
g(yJ is the digital image intensity profile of any vertical line in the digital image. 
I(yJ is the light intensity profile of any vertical line on the light image. 
cy is the length of one CCD pixel element (physical distance between CCD scan 
lines) 
Tis the time of one line acquisition (reciprocal of the camera line-rate) 
v is the velocity of the object. 
m is the optical magnification. 
Each vertical light profile of the image which is incident onto the CCD sensor can be 
considered to be convolved with a top hat function having the length (in the vertical 
axis) of one pixel. This represents the fact that the image is integrated over one pixel 
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area to represent one pixel in the digital image. This is the first rectangle function in 
Equation 3.7-1. 
During the acquisition of one line, the output from each CCD element is proportional 
to the accumulated light intensity at the element over one line acquisition time. 
Since the object moves a finite amount in the vertical axis during each line 
acquisition, the output from the element will be the average of the image light 
intensity profile along the vertical distance travelled by the image. To represent this 
averaging, the image can then be considered to be further convolved with a rectangle 
function with a width ofvTm, representing the motion of the object. 
Distance moved by the image during one line time vTm 
Equation 3.7-2 
Finally, the light image is effectively sampled by each line to become the digital 
image, and therefore is multiplied by the comb function of period vTm. To represent 
this whole process in frequency space as a transfer function, we can apply the 
convolution theorem to Equation 3.7-\. 
Equation 3.7-3 
This transfer function is shown on a norma1ised amplitude scale in Figure 3.7-\. For 
this graph, the constant Cy was set at 13 flrn, and the vTm product set at one third of 
Cy. This represents a situation where the yarn moves a small distance relative to the 
pixel size for each line, and thus the line sampling has little effect on the ITF. If, 
however, the yarn moved faster (such as in-process inspection), or the sampling time 
was greater, then the line sampling would have a more significant effect as a filter. 
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Figure 3.7-1 - The 1TF due 10 line-by-line sampling of a moving image. 
In the case of yarns travelling at high speeds (say 300 metres per minute), even the 
fastest line rates possible (10 k.Hz for the L YSS) would not prevent the line sampling 
from considerably attenuating the image spatial resolution. In this example the zero 
crossing for the line sampling effect would be at 2 line pairs/mm. 
In Figure 3.7-1 , the I/Cy point is not close to the Nyquist point, and therefore spatial 
frequencies in the light image high enough to cause aliasing would be significantly 
attenuated. If however the l /ey point was sufficiently greater than the Nyquist point, 
then another form of filtering would have to be applied to the digital image to 
prevent aliasing. This can be achieved crudely by averaging each line with the line 
prior to it. However, optical measures to anti-alias the image in the transverse axis 
will also prevent aliasing in the length-wise axis. 
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3.7.2 Constant exposure control. 
The above analysis assumes that the integration time of the cameras is the reciprocal 
of the camera line-rate. However many CCD line scan cameras have an exposure 
control option. This is a convenient method of fixing the exposure time to a 
constant, regardless of variations in line-rate, so as to give constant light levels. 
Practically, this is normally most useful when the line-rate is synchronised to the 
motion of the object via an encoder of some kind. The line-rate in the L YSS is 
generated as a constant frequency pulse under hardware control (configured through 
software), but does not control exposure. The yarn is assumed to be travelling at a 
sufficiently constant speed, such that motion synchronisation is not required. 
In Figure 3.7-1 , the predominant filter effect is from the pixel width Cr. However, at 
higher relative yarn speeds, the filtering effect from the line-rate becomes more 
predominant. Under these conditions, it is possible to use exposure control as a 
means of reducing the blurring effect due to yarn motion, at an increased risk of 
aliasing. This is achieved by shortening the length of the exposure time to a fraction 
of the line time, and increasing the light illumination to compensate. Essentially this 
is the same as strobing the yarn. The decreased exposure time (given as E -
Equation 3.7-4) causes the filtering effect from the line time to have a higher zero 
crossing frequency. Thus, frequencies lower than the Nyquist point are less 
attenuated. However, frequencies after the Nyquist point are also less attenuated, 
which means the imaging is more prone to aliasing. 
GVy; ) = lLVy; )x C ySinc(7r C ,fy; )x vEmsinc(nvEm!y, )J® comb(vTm!y; ) 
Equation 3.7-4 
For each line sample, the surface fibre transverse spatial frequencies would be 
improved by using exposure control, since they would not be interfered with by 
length-wise frequencies due to the yarn motion. The exposure control would mean 
that the lines would not be contiguous samples, and therefore the fibre detail would 
need to be analysed from a probabilistic viewpoint to a greater level than currently 
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discussed in Chapter 7. The evenness data would be substantially over-aIiased, 
however, since the changes in yarn diameter have a strong high frequency 
component from surface fibres. This would lead to inaccurate CV% levels of 
evenness. 
3.7.3 Future use of TDt cameras. 
If in future work it is found necessary to use fore-ground lighting, and the yarn is 
running at production speeds, then it would be necessary to use TDl (time delay 
integration) CCD cameras. This would be necessary due to the low-light exposure 
conditions of such a system. This situation would arise, if a method of stopping the 
yarn from rotating could be implemented and it was desirable to measure twist from 
the yarn image (see Chapter 8). 
TDI cameras effectively increase the exposure level of the image capture by the 
number of TDI stages. However, the motion of the object and the line 
synchronisation pulses have to be within lover the number of TDI stages multiplied 
by 100 percent of each other for the image not to become blurred. Consequently the 
speed of the yarn would need to be known quite precisely (typically within 1-2%). 
This could be achieved using an encoder wheel which the yarn passes over. The 
drawback from using TDI cameras is that the image resolution in the two image axes 
has to be the same, preventing a minimisation in the data processing requirements by 
reducing the length-wise resolution. However as previously mentioned, TDls would 
be ideal for measuring yarn twist which also requires equivalent axes resolutions 
(Chapter 8). 
3.8 Lens aberrations. 
There are a variety of aberrations that act as low pass filters on the optical transfer 
function. For highly corrected lens systems, these effects are negligible. However, 
for a camera lens such as the one used in the CCD scanning rig (Cosina Macro MF 
100=), the aberrations will have some effect on the transfer function, especially for 
off-axis points. Spherical, chromatic, coma, astigmatism, field curvature and 
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distortion are all forms of aberration which need to be reduced by carefully designed 
lens systems. Reducing the aperture can reduce the degree of severity for some 
forms of aberration, but only up to a point, since this also affects the diffraction limit 
(Section 3.3). 
The optical transfer functions for these aberrations would need to be incorporated 
into the overall frequency analysis for a complete understanding of the imaging 
process. Practically speaking, it is possible to purchase lens systems which are 
diffraction limited above F2, weU within the aperture requirements of yam imaging. 
Section 4.5 shows the derivation of optimum aperture settings for the L YSS using 
guide plates. 
3.9 Fibre transparency. 
Another important factor is that the filaments or fibres are not entirely opaque. This 
causes them to act like cylindrical lenses, causing illumination distortions around the 
fibres, and creating an effect similar to low optical resolution for the core edges. 
This is especially clear when comparing the shadow profile of a yam core to that of a 
pencil lead. The pencil lead profile is more square, and the core profile is more U 
shaped. The C. R. T. M., whose work developed into the Uster Tester 3 hairiness 
attachment, stated that the light directed onto a yam undergoes diffraction, re-
fraction , deflection, and absorption [sited in BareUa 1993, p.5]. 
AJagha, Oxenham and Iype showed the manner in which animal fibres act as 
cylindrical lenses, and investigated the form of image produced under a microscope 
[AIagha et al., 1994]. Using image processing, they were able to determine the 
width of the fibres to within 4%, despite the image degradation and the fact that 
fihres were out of focus to within certain limits. Their work is not applicable to this 
thesis since the fibre widths are not in the possibilities for this form of yarn scanning 
- the pixel resolution required is of an order of magnitude different. Nevertheless, in 
this paper, the optical effects from fibre transparency are shown to affect the fibre 
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lIllllge. This is relevant to yarn scanning, since this distortion affects the detection of 
fibres, and the resolving of gaps between them. 
The following section shows qualitatively how the light passes through or is reflected 
by the yarn fibres. The situation is very complex, and would be difficult to model in 
practice, although I have made general conclusions. The discussion is a qualitative 
application of geometrical optics, ray-tracing and reflection I refraction. 
The Fresnel equations [Hecht, 1974, pp. 71-81] govern the degree of transmittance 
and reflection of an incident beam between two dielectric media. For an air to glass 
interface at normal incidence, 4% of the light energy is reflected. For a lens with two 
air to glass interfaces, the transmitted light is attenuated by 92.1 %. There is a strong 
similarity to the refractive index of glass, cotton, wool, polyester, and nylon, and 
consequently they have similar reflective I refractive properties. 
For a yarn core system composed of multiple fibres, the path of light rays entering 
the system becomes quickly scattered with each ray passing many fibre to air 
interfaces (Figure 3.9-1). 
Figure 3.9-1 - Scattering of light rays entering core fibre system. 
Consequently the light energy that finally reaches the opposite side of the core is 
heavily attenuated, and scattered in all directions. The light is further attenuated by 
absorption within the fibre. 
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For light that reaches fibres near the surfuce of the core, there is a higher chance of 
the light rays exiting the other side, since there is less scattering and absorption. The 
edges of the core therefore do not appear as opaque as the central parts, causing the 
core edge intensity gradient to lessen in absolute magnitude. 
This scattering effect can be used to good effect in dark-field imaging. Figure 3.9-2a 
shows the principle, and Figure 3.9-2b an image, of a yarn which has been 
illuminated incoherently at an angle behind the yarn such that the light source is not 
viewed by the camera. The light that reaches the camera has been scattered by the 
surface and outlying fibres, which appear luminous. The core absorbs the light and 
is more opaque, and being in front of the light, the core does not reflect the light into 
the camera. This method is tested further in Chapter 5. 
_<1 
'I 
~ 
\ -~ 
Figure 3.9-2a - Method of incoherently illuminating the yarn from behind at an 
angle. 
Figure 3.9-2b - Incoherent dark-field yarn image. 
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3.10 Electronic bandwidth of the CCD video output. 
Analogue CCD cameras convert the light energy incident on the CCD elements into 
an analogue voltage signal. This signal is not digitised until it is passed into a 
camera interface device (often termed a frame grabber). The process of converting 
the light into a voltage and transmitting it to the frame grabber involves undesirable 
filtering effects, which limit the bandwidth of the video signal. For the CCD used in 
the L YSS, these effects were discovered to be more detrimental to the yarn image 
than all the filtering effects mentioned above, at all but the lowest range of pixel 
clock rates. 
The pixels are clocked out of the CCD at the pixel clock frequency (0.94 - 15 MHz 
for the OVB I 0 CCD driver used in L YSS), passed through a 3 metre co-axial cable, 
and thresholded using a comparator. Since adjacent pixels of a yarn image can be 
very different in light intensity, the electronic bandwidth of the CCD and 
surrounding circuitry needed to preserve this information has to be several times 
higher than the pixel clock frequency. 
Figure 3.10-1 shows two light intensity profiles of single filament strands, taken 
using the L YSS. The upper profile uses a clock frequency of7.5 MHz, and the lower 
uses 2.15 MHz. It is clear that the filament scanned at 2.15 MHz has a much deeper 
impression upon the image light profile. This is because between 2.15 and 7.5 MHz 
there is a large attenuation in the frequencies of the CCD analogue signal. The raised 
section in the lower profile is due to a non-linear phase high pass filtering effect from 
the CCD camera common to this model. 
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scanned filament light profile at 7.50 MHz 
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Figure 3.10-1 - Images of a polyester filament, scanned at low and high clock rates 
(scale referred to the image). 
Appendix A calculates in an approximate manner the various electronic frequency 
responses for the L YSS CCD sensor at different pixel clock rates. In order to 
compare the frequency responses with the previous transfer functions, some of the 
results of these calculations are shown in Figure 3.10-2. It is important to note that at 
5 MHz and below there exists a high pass filtering effect between 0 to 6 
pairs/mm/mag, which corresponds to the raised part of the lower light profile shown 
in Figure 3.10-1. 
56 
Chapter 3 - Analysing factors which degrade the yarn image resolution 
Normalised frequency reponses for low clock rates . 
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Figure 3. J 0-2 - The CCD video signal electronic frequency responses at different 
pixel clock rates. 
Although these effects mean that the yarn testing in this thesis has to be carried out at 
the lowest pixel clock rates, they do not pose a threat to the theory of yarn scanning 
in general. This is because more recent CCD cameras have much higher bandwidths 
than the one used in the L YSS, so they are above the cut-off frequencies from the 
optical transfer functions and the CCD pixelation sampling (Nyquist point). 
Furthermore, digital CCD cameras are not subject to the constraints of analogue 
cable bandwidths and noise pick-up. 
For the tests carried out in Chapters 7 and 8, a form of software compensation had to 
be used on the digitised light profiles to eliminate the raised areas following the fibre 
and core shadows. 
57 
Chapter 3 - Analysing factors which degrade the yarn image resolution 
3.11 Determining imaging requirements relative to applications. 
The preceding sections have dealt with the factors that limit the yam image spatial 
resolution. Suggestions are made where possible to maximise the resolutions which 
are practically feasible using conventional optics and lighting. This section, 
however, deals with different yam imaging configurations, and relates them to the 
yam spatial resolution issues already discussed. 
3.11.1 Yarn imaging configurations. 
The term 'configuration' here is used to specifY the kind of application. For 
example, one configuration may be a yam hairiness tester, another a hairiness, 
diameter and twist tester. For the different configurations, there are different 
requirements in terms of magnification and spatial resolution. 
Four configurations are defined as follows: 
1 ) Yam hairiness, twist, and diameter tester. 
2) Yam hairiness tester. 
3) Yam diameter and twist tester. 
4) Yam diameter and hairiness tester. 
It is not necessarily correct to design the practical opticaI/imaging system for the 
highest spatial resolution theoretically obtainable. This is due to the large constraints 
and requirements such a design would place on the processing load of the system. 
Hence, for each configuration specified, a range of CCD sizes is shown in Section 
3.11.3. 
There are effectively two modes of operation which need also to be considered - the 
high detail / low speed inspection, and low detail / high speed (in-process) 
inspection. The same hardware specification is assumed for each process, although 
there are certain modifications that are important between each mode. 
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For both modes of operation there are several common requirements: 
i) Two orthogonal views of the yarn core are required for more accurate core 
volume determination (discussed further in Chapter 8, and illustrated in 
Figure D.2-2, page 371) 
ii) The magnification is set to optimise the CCD sensor width to the required 
field of view. 
iii) There is insignificant aliasing due to the CCD sampling, in the horizontal or 
transverse directions. 
iv) The light wavelength is set to the optimum level (420 nm) only where useful 
to do so. 
For configuration I, and incorporating requirement i) above, the field of view should 
be sufficient to image two views of the core, and one side of one of the views to the 
extent of the longest expected fibre lengths. Also, the presence of fibres in each view 
means the two cores need to be sufficiently separated to prevent the fibres from the 
adjacent view affecting the core width determination in the other view ( 
Figure 3.11-1). This separation has been arbitrarily set to 1.5 mm, by inspection of 
spun yarn images although a more systematic investigation could be carried out in 
further work. The typical range of spun yarn core diameters is between 0.2 and 0.6 
mm, and is taken nominally in this section as 0.6mm. 
plan view side view 
c 
Figure 3.11-1 - Scanned computer image of ring-spun woollen yarn. 
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In order to scan long fibres from typical spun yarns, we would need to be able to 
measure at least 7 mm from the core. Certain hairiness meters can determine even 
longer hair lengths (Shirley Hairiness Tester - 10mm, Zweigle G565 - 25 mm). 
However, due to direct relationship between field of view and resolution / data 
processing requirement, a minimal upper fibre length of 7mm sometimes used in the 
literature is set for these configurations. The principle of the other testers means 
that it is much less difficult to extend the field of view than in high resolution 
transverse scanning. 
It is sufficient to scan only one side of the core for hairiness determination due to 
the assumption that one view is statistically the same as the other throughout the 
length of the yam sample. This is not true for evenness determination (covered in 
Chapter 8). 
The required field of view for configuration I would need to be at 7 + 1.5 + 0.6 + 0.6 
= 9.7 mm, taken as 10 mm. 
In configuration 2, only the hairiness field, and I side of the yam core need be 
irnaged. The required field of view is 0.6 + 7 = 7.6 mm, taken as 8 mm. 
Configuration 3 is for measuring twist angle plus diameter, which together enable 
the turns per cm value to be calculated. To optirnise the resolution, only one yam 
core is irnaged, without its surrounding hairs. The required field of view is 
minimally 0.6 mm, taken here as I mm. 
For configuration 4, the field of view required is equivalent to configuration I (10 
mm). However the required resolution is not as much since twist is not being 
measured. 
3.11.2 Matching the optical and digital transfer functions. 
Sections 3.6 and 3.7 d~ussed the irnaging transfer functions due to transverse and 
length-wise pixelation respectively. Frequencies close to or greater than the Nyquist 
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sample frequency theoretically cause undesirable aliasing effects. Section 3.3 
showed the fonn of the coherent and incoherent transfer functions due to the lens 
aperture. It is convenient to use these optical transfer functions to prevent aliasing in 
the image. 
Figure 3.11-2 shows two methods for anti-a1iasing the imaging system for incoherent 
illumination. The diffraction limit is set in the first case (dotted slope) to the Nyquist 
frequency to completely prevent aliasing. In the second case (solid line) the 
diffraction limit is set past the Nyquist frequency, which allows less attenuation of 
frequencies below the Nyquist, but also allows frequencies past the Nyquist. 
OTF 
Nyquist Sample frequency 
Figure 3.11-2 - Using the diffraction limit for anti-aliasing. 
An experiment was carried out to see the effects of these configurations on a back-lit 
yarn image. There follows details of this qualitative experiment to view the effects of 
the anti-aliasing method upon two yarn images. 
61 
Chapter 3 - Analysing factors which degrade the yarn image resolution 
Theory. 
The following general relationships exist for any imaging system. 
Nxp 
m=--
V 
Equation 3.11-1 
where m = magnification 
N = number of CCD pixels 
p = CCD pixel pitch 
V= Field of view 
From this relationship, the Nyquist frequency referred to the object can be 
determined: 
1 m Ny=-x-
2 p 
Equation 3.11-2 
The principle for this anti-aliasing is to set the aperture such that the diffraction 
limited frequency cut-off point is placed near the Nyquist Yz sampling frequency of 
the CCD. This is demonstrated in Equation 3.11-3. 
m 
2xfco = FA(I+m) =nNy 
Equation 3.11-3 
(n is set to 1 when the cut -off and Nyquist frequencies are the same) 
which re-arranged gives an expression for aperture under this condition: 
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F 2p 
nA.(I +m) 
Equation 3.11-4 
A yam image was captured using a high quality macro lens, incoherent illumination 
using a field lens, white light, and varying apertures corresponding to different 
values of n. The camera is focussed onto the yarn core edges so that differences in 
resolution between the different aperture settings at the core edge is independent of 
rnisfocus. The magnification was set low at I: I , so that important frequencies from 
the yarn image would be relatively close to the Nyquist frequency. Consequently 
effects of attenuation from the OTF, and any aliasing effects could be more clearly 
seen. 
Yarn image 1 - 16/1 rotor spun 65/35 PES/Cotton yarn. 
Figure 3.11-3 - 1mages of 16/ 1 rotor spun yarn varying aperture. 
a) F=22, n=1.02 
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b) F=J6, n=J.47 
c) F=ll, n=2.l48 
d) F=8, n= 2.95 
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e) F=5.6, n= 4.22 
f) F=3.5, n=6.75 
Yarn image 2 -16/1 Ring spun 65/35 PES/Cotton. 
Figure 3.11-4 - Images of 1611 rotor spun yarn varying aperture. 
a) F=22, n=l.02 
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b) F= ll , n=2.l48 
c) F=3.5, n=6.75 
Discussion. 
From the experiment, careful inspection of the images shows that by opening the 
aperture past the Nyquist frequency, the fine detail on the yarn core surface becomes 
progressively clearer. As the aperture is opened, the important yarn frequencies 
lower than the Nyquist, are less attenuated since they are on a less attenuating part of 
the OTF. This can be seen by the brightness of the gaps between the loose core 
surface fibres and the core. It can also be seen by the sharpness of the hair edges. 
When n= l (Figure 3.11-3a Figure 3.11-4a) , the low pass filtering from the OTF is 
quite apparent, causing the hair gaps to be significantly less detectable to the vision 
system. The gaps are still barely there however, since the frequencies lower than the 
Nyquist are not completely attenuated. As n increases, even to values as high as 6.75, 
this attenuation is continually reduced. 
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The evidence of noise due to aliasing is not clear in these images, although 
frequencies greater than the Nyquist will, of course, reflect into the lower frequency 
ranges. The consequences of aliasing would be to produce small grey level changes 
in the yam image, which would not be an accurate representation of the yam. 
However, the degree to which this would happen is not as important as maintaining 
those frequencies which help define the image, and can be seen through the imaging 
system. In any case, the grey level gradients caused by aIiasing would not be 
spatially correct, but they would correctly indicate the presence of gaps between the 
surface fibres and the core. 
The experiments showed that for incoherent imaging at low magnifications, it is best 
to set the optical cut-off frequency to more than the Nyquist frequency. This is 
because the slope of the OTF causes important lower to mid-range frequencies to be 
heavily attenuated when the OTF is given too low a frequency limit. If the OTF is 
allowed to be extended past the Nyquist, then the mid-range frequencies are less 
attenuated giving better yam image quality. The danger of aliasing does not appear 
to pose a significant problem. 
At this point it is useful to point out that coherent back-lit systems do not suffer from 
the same problems of attenuation, since the CTF is unifonn up to the cut-off 
frequency. Consequently the optical cut-off frequency can be set near to the Nyquist 
frequency, without going past it, whilst still correctly maintaining all the lower and 
mid-range frequencies. This has been verified through experiments in my work, and 
accounts for the better contrast seen with coherent images. There are, however, 
disadvantages with coherent imaging, which are further addressed in Chapter 5. 
For higher magnifications, it is not as necessary to extend the OTF cut-off frequency 
pass the Nyquist, since the Nyquist frequency itself is extended (see Figure 3.11-5 
and Figure 3.11-6). Indeed, since the reason for using higher magnification would be 
for more accurate detail, then it would seem prudent not to allow much aliasing in 
the system. 
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Figure 3.11-5 - Illustration oJ yarn spectrum when imaging at low magnification. 
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Figure 3.11-6 - Illustration oJ yarn spectrum when imaging at higher magnification. 
3.11.3 Calculating imaging parameters for the configurations 
For each of the four specified configurations in 3.11.1, a table has been calculated 
with various CCD sensor sizes. The purpose of this is to show the kind of irnaging 
resolution and feasible sizes ofCCD needed for each configuration. 
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Table 3.11-1 
Configurations 1 & 4 - Field of view 10 mm. 
config 1 - Yam hairiness, diameter & twist 
config 4 - Yam hairiness, diameter 
no.pixels per 
N m Ny lp/mm F 15 u filament 
256 0.33 12.80 17.73 0.38 
512 0.67 25.60 14.19 0.77 
1024 1.33 51.20 10.14 1.54 
2048 2.66 102.40 6.45 3.07 
4096 5.32 204.80 3.74 6.14 
Table 3.11-2 
Configuration 2 - Field of view 8 mm. 
Yam hairiness tester. 
no.pixels per 
N m INv lp/mm F 15 u filament 
256 0.42 16.00 16.69 0.48 
512 0.83 32.00 12.90 0.96 
1024 1.66 64.00 8.87 1.92 
2048 3.33 128.00 5.46 3.84 
4096 6.66 256.00 3.09 7.68 
Table 3.11-3 
Configuration 3 - Field of view 1 mm. 
Yam diameter and twist 
no.pixels per 
N m Ny lp/mm F 15 u filament 
256 3.33 128.00 5.46 3.84 
512 6.66 256.00 3.09 7.68 
1024 13.31 512.00 1.65 15.36 
2048 26.62 1024.00 0.86 30.72 
4096 53.25 2048.00 0.44 61.44 
For configuration I, only the 4096 size is adequate. This is due to the combined 
requirement of high resolution, and large field of view. In Chapter 8, the yarn twist 
measurement tests were carried out at a resolution of291 lp/mm. 
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For configuration 3, size 256 is too small. The most appropriate size is 512, which is 
similar to current area-scan CCD sizes. Due to the need for frame processing, the 
area scan method is more suitable for yarn twist determination. 
3.11.4 Low / high speed inspection. 
In a similar fashion to the anti-aliasing used in the transverse direction above, the 
lengthwise sample period vTm could be set to one half of the CCD pixel size to 
prevent aliasing along the yarn. However the same conclusions found in Section 
3.11.2 also apply to the lengthwise axis, in that the low-pass filtering of anti-aliasing 
can affect the low to mid range frequencies of the yarn image more than any 
advantage gained from anti-aliasing. Consequently the lengthwise sample period 
vTm is set to the CCD pixel size in the L YSS. 
Equation 3.11-5 
In order to preserve the high resolution imaging in the transverse axis, it is necessary 
to have a sufficient line rate to give equivalent resolution in the yarn length-wise 
axis. A filtering effect in one axis will affect the resolution in the other. A blurring 
in the lengthwise direction, for example, will cause adjacent horizontal fibres to blur 
into each other, preventing any degree of high resolution in the transverse direction. 
From Equation 3.11-6 it is possible to calculate the required data rate of the 
inspection system as a function of magnification and yarn speed: 
. Nxvm 
PlXel clock rate = ---
Equation 3.11-6 
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For low speed inspection, a yam speed of 5 m1min has been chosen. This is slow 
compared with normal testing systems, but is a consequence of the highly detailed 
information that yam imaging provides. For high speed inspection a value of 100 
m1min has been chosen. The Uster Tester 3 runs at a maximum of 300 m1min, and 
the Zweigle G565 nominally at 50 m1min. 
Table 3.11-4 
Configurations 1 & 4 - Field of view 10 mm. 
config 1 - Yam hairiness, diameter & twist 
config 4 - Yam hairiness, diameter 
N Slow speed 5 mlmin High speed 100 mlmir 
data rate MHz data rate MHz 
256 0.55 10.92 
512 2.18 43.69 
1024 8.74 174.76 
2048 34.95 699.05 
4096 139.81 2796.20 
Table 3.11-5 
Configuration 2 - Field of view 8 mm. 
Yam hairiness 
N Slow speed 5 mlmin High speed 100 mlmin 
data rate MHz data rate MHz 
256 0.68 13.65 
512 2.73 54.61 
1024 10.92 218.45 
2048 43.69 873.81 
4096 174.76 3495.25 
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Table 3.11-6 
Configuration 3 - Field of view 1 mm. 
Yam hairiness, diameter & twist 
N Slow speed 5 mlmin High speed 100 mlmir 
data rate MHz data rate MHz 
256 5.46 109.23 
512 21.85 436.91 
1024 87.38 1747.63 
2048 349.53 6990.51 
4096 1398.10 27962.03 
The pixel clock rate of the system is usually limited by the hardware specifications. 
The pixel rate ofa typical 4096 camera is 40 MHz, giving a line rate of9.8 kHz for a 
4096 pixel camera. 
The clock rates for both high speed and low speed inspection are shown for the same 
CCD sizes and configurations in Tables 4 - 6. The values for pixel clock rates 
greater than 40 MHz are unfeasible in terms of the cost of hardware required for the 
processmg. The nature of yarn image processing is algorithmic, meaning that 
pipeline type processors are unsuitable. 
The very high processing rates show that is it necessary with current technology to 
have a lower resolution in the length-wise axis than the horizontal, even though this 
is highly undesirable from a yarn image quality point of view. In Chapter 8, it is 
shown that it is possible to measure yarn diameter by utilising an averaging affect in 
the lengthwise direction. However, very short hairs « 0.5mm) and surface fibre 
twist angle will be degraded in the image if the aspect ratio deviates from unity. 
3.12 Conclusions. 
In this section, the various factors which degrade the yarn image, optically, digitally 
and electronically, have been discussed. The optical effects are given as misfocus 
due to the yarn width, lens aberrations, fibre transparency, and the diffraction limit. 
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Each of these can be minimised opticaUy apart from the fibre transparency. The light 
scattering effect from the fibre transparency can be utilised to enhance the yam 
diameter and hair contrast in incoherent dark-field images. 
The digital effects are from the pixel sampling, in both transverse and length-wise 
directions, the latter of which is also affected by the yam speed. One concern is the 
prevention of aliasing, but it is suggested that the frequency cut-offs from the optical 
arrangement should match the sampling frequency to achieve this. If the frequency 
cut-off is matched to the Nyquist frequency to completely prevent aliasing, then the 
slope of the incoherent OTF causes a detrimental effect on the yam image quality. 
The electronic effects, also significant, are specific to the type of analogue camera 
used in the L YSS, but do not pose a threat generally, since digital cameras can also 
be used, or higher bandwidth analogue cameras. Yam samples (for tests in later 
chapters) have been taken using high bandwidth area scan cameras. 
Various applications for a yam imaging system have been identified and analysed in 
terms of what kind of resolution is required, and what is achievable from various 
CCD sizes. The information processing rate for these alternatives is then shown for 
both high- and low-speed yam inspection systems. For high speed, the data rates are 
shown to be impossibly high for certain configurations, and consequently the 
resolution in the length-wise axis has to be compromised at the expense of yam 
image quality. 
The yam resolution limit is governed by optical, digital and electronic factors. One 
of the most fundamental optical factors is misfocus of the yam hairs. This topic is 
dealt with in detail in Chapter 4. A comparison of illumination methods, and the 
development of image enhancement and processing techniques, is given in Chapter 
s. 
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of field limitation. 
4.1 Introduction 
As has already been mentioned in Section 3.5, a yam object is three-dimensional. 
Therefore, a defocusing effect will occur for most fibres not in the exact object plane, 
affecting the image spatial resolution. Even if the yam is mechanically forced into a 
planar region encompassing the object plane, there is a limit as to how narrow this 
region can be, whilst still allowing the yam core to move freely through the 
constraining guides in practice. 
It can be seen from work later in this section that the effect of misfocus means the 
resolvability of a yam image cannot be indefinitely extended using higher quality 
conventional optics, higher magnification, or more expensive cameras with higher 
pixel resolution. The term 'conventional optics' is used in this context to describe a 
simple or complex lens arrangement, with a clear circular exit pupil (aperture). A 
compromise has to be reached between reducing the aperture to obtain the required 
depth of field, and minimising the diffraction effects which this produces. The 
compromise sets an upper limit to the spatial resolution of a conventional yam 
imaging system, regardless ofthe technical excellence of the equipment. 
Much work has been carried out by previous researchers in order to decrease the 
sensitivity of optical systems to misfocus aberrations, and to design optical systems 
which have higher resolution limits for 3D imaging than with conventional optics 
systems. An extensive literature review was carried out on these methods, to 
determine the feasibility of implementing them for yam irnaging work. The methods 
include a variety of techniques, which are analysed in chapter 4, and discussed 
critically with respect to possible application in section 4.6. 
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The work in this chapter is divided into three main sections. The first discusses the 
objectives for a misfocus corrected yarn imaging solution, both mathematically and 
qualitatively. The various configurations of yarn imaging specified in Chapter 3 are 
analysed for their requirements. 
The second section reviews techniques from other research, and discusses the 
practicalities, advantages and disadvantages of the major methods. This section is 
applicable to imaging yarns which are unrestrained by guide plates, and hence 
require very large depths of field. The parameters of each method are adjusted to 
suit yarn imaging, and consequently the theoretical performance and compromises 
are shown mathematically. 
The third section looks in detail at a technique which has been investigated 
practically in the work of this thesis. The technique involves optirnising the imaging 
properties when using yarn guide plates with conventional optics. The work 
concentrates on analysing the yarn resolution limit, and optimising the aperture with 
respect to the width of a yarn planar guiding mechanism. It is shown in this section 
that the conventional method of setting the aperture according to classical depth of 
field criteria is not quite the theoretical optimum. These optimum optical conditions 
are identified mathematically in Section 4.5.2, to obtain the best possible resolution 
within a yarn image. 
Appendix B outlines important theory obtained from previous research, which IS 
necessary to understand misfocus tolerant imaging. 
All data, graphs and tables in this chapter, unless otherwise specified, were generated 
from a fumi1y of Matlab programs I wrote, which investigate misfocus correction 
through apodisation, wavefront encoding, and mechanical guiding. 
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4.2 Objectives for the misfocus correction and assessment criteria. 
In Section 3.11.1 several configurations for yarn imaging were described. These 
configurations varied according to the kind of information required from the yarn 
such as hairiness, twist angle, diameter, or a combination of these. 
For each of these configurations, there is a corresponding depth of field for an 
unguided yarn. Appendix B shows the calculation of these depths, but it is necessary 
to state again that these are not irnplementational details so much as figures to aid in 
the illustration of depth of field requirements. 
Table 4.2-1, Table 4.2-2 and Table 4.2-3 show the various factors of the normalised 
path length tolerance W20 for the different resolutions and configurations. 
W20 is a measure of the misfocus of a system, and is defined as the maximum phase 
displacement in wavelengths between the longest and shortest optical paths from a 
point in the object to a point in the image. It is further explained in Appendix B. 
N is the number of CCD pixels within the given CCD sensor system for a 
configuration. 
m is the optical magnification of the configuration. 
F is the lens aperture F number (focal length / diameter). 
Ny is the Nyquist sampling frequency on the object = m / (2 x pixel pitch) 
Table 4.2-1 
Configuration 1 - Field deoth 14 mm 
N m Nv lp/mm F W20 
256 0.33 12.80 17.73 0.32 
512 0.67 25.60 14.19 1.26 
1024 1.33 51.20 10.14 5.05 
2048 2.66 102.40 6.45 20.19 
4096 5.32 204.80 3.74 80.74 
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Table 4.2-2 
Confiauration 2 - Field deDth 14 mm 
N m Ny ID/mm F W20 
256 0.42 16.00 16.69 0.49 
512 0.83 32.00 12.90 1.97 
1024 1.66 64.00 8.87 7.88 
2048 3.33 128.00 5.46 31.54 
4096 6.66 256.00 3.09 126.16 
Table 4.2-3 
Confuluration 3 - Field deoth 0.4 mm 
N m Nv lolmm F W20 
256 3.33 128.00 5.46 0.90 
512 6.66 256.00 3.09 3.60 
1024 13.31 512.00 1.65 14.42 
2048 26.62 1024.00 0.86 57.67 
4096 53.25 2048.00 0.44 230.69 
It is worth noting here that Hopkins's depth of field restriction of W20 is 0.16 [Bartelt 
et al., 1984], and Rayleigh's quarter wave criteria is 0.25 [cited in Bartelt et al., 
1984]. In most of the yam imaging configurations, the path length errors are much 
too large to correct for using conventional optical methods. 
A common objective in misfocus correcting systems is to cause the StrehI ratio to 
decrease more slowly when moving away from the correct focus plane. 
McCutcheon's theory predicts that the StrehI ratio along the optical axis has a 
Fourier relationship with the geometrically transformed one-dimensional pupil 
function [McCutcheon, 1964; Ojeda-Casteneda et al., 1985]. From Parseval's 
theorem, the energy in the irradiance distribution along the optical axis will be the 
same as the energy in the pupil function from which it arose [Biinau et aI., 1993] 
(energy in this sense being the integral of the square of amplitudes). Consequently, 
if the StrehI ratio is maintained at a given level away from the focus plane, its height 
necessarily decreases [Biinau et al., 1993]. This means that any misfocus correcting 
systems will cause those planes which are perfectly in focus to be degraded. 
Misfocus correction can be seen in one of two ways. The first is to consider that the 
OTF is made constant over the whole field depth. For the first two configurations 
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mentioned in Section 3.11.1, this means maintaining the Strehl ratio over a very large 
depth, and consequently causing considerable degradation to the image. However, 
when an OTF is made constant over the object field depth, it is possible to de-
convolve the aberrated images to obtain the ideal image that would be obtained from 
a diffi-action limited clear circular aperture [Pratt, 1991, pp. 352-354]. To clarifY, the 
'de-convolution function' referred to in the text is the frequency space representation 
of the transfer function which, when multiplied onto the aberrated image spectrum, 
would restore it to the image spectrum that would be obtained when using a 
diffi-action limited clear circular aperture. This is achieved in practice through 
convolution in image space - hence the name de-convolution. 
Accurate de-convolution is possible provided that there are no zero crossings in the 
misfocus aberrated OTF (which would form singularities in the de-convolving 
transfer function). The de-convolution can be achieved using FIR convolution filters 
or multiplication in frequency space using forward and inverse fast Fourier 
transforms. In the presence of noise, inverse filtering technique such as Wiener or 
KaIman filtering are particularly applicable [Pratt, 1991, pp. 354-358; Jain, 1989, pp. 
304-307]. An imaging system that does not have a relatively constant OTF through 
the object field depth cannot be de-convolved, because the form of the de-convolving 
function is different for parts of the image coming from different depths. 
The second form of correction is to apply a less severe form of misfocus correction, 
which does not need inverse filtering. Such methods are less sensitive to misfocus 
than a conventional optical system, but do not have as large a depth of field, or 
potential for correction to the ideal in-focus image, as the inverse filtering method. 
Examples are given in the literature using real positive / negative masks [Biinau et 
al., 1991; Biinau et al., 1992; Fukuda, 1991; Fukuda et al., 1991]. This has an 
obvious advantage since inverse filtering for misfocus correction requires a two 
dimensional convolution, as well as equivalent resolutions in both the transverse and 
length-wise axes. However, the nature of yarn images is that the more critical image 
detail (such as close packed fibre orientation for twist or the yarn core edges) is 
contained close to or actually at the correct in-focus plane. Hence it is necessary to 
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ensure as much resolution in these areas as possible, and misfocus correction without 
inverse filtering would have to be very slight if not at all. 
The aim of the following section is to review the best misfocus correction methods in 
the literature to analyse their suitability to yam imaging. There are several criteria 
for selecting the best method. 
i) The method needs to be practical, within reasonable financial limits for 
developing a yam inspection system. 
ii) The method needs to maintain an OTF which does not vary in its total area 
more than the Rayleigh quarter wave limit over the entire misfocus range. 
This is with regard to de-convolving the image. If variations larger than this 
level exist, then misfocus planes will not be correctly restored. 
iii) The method must not reduce the dynamic range of the system to a level that 
affects yam parameter calculation. At the very minimum, the signal to noise 
ratio must be maintained greater than I for all frequencies after de-
convolution. 
iv) There must be no geometric distortions affecting the yam parameter 
calculations. 
4.3 Comparing real pupil misfocus correction methods. 
In order to compare methods, I have used a classical misfocus measure; the Strehl 
ratio verses misfocus. This is very suitable to monitor criterion ii) above. The 
reason for this is not obvious, and not explained in the literature, but I have justified 
it below. 
To obtain the best measure of the ability for a range of misfocus OTFs to be de-
convolved to the diffraction limited clear circular aperture equivalent OTF by a 
single function, it would be necessary to take the square of the differences for each 
point in the OTFs, to their pupil's diffraction limited counterpart OTF. Note that this 
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is not the clear circular aperture OTF, but the OTF from the pupil function without 
any misfocus. 
NI2 NI2 
Ideal measure for de - convolution ability = L L (OTF(u, v)- diff ltd.oTF(u, v))' 
u=-NI2 v=-NI2 
Equation 4.3-1 
where N x N is the number of points in the discrete OTF. 
The range of misfocus over which the above measure remains relatively constant will 
be the misfocus tolerant range. 
The above method has the disadvantage that each point in the OTF has to be 
compared to a point in another OTF. The Strehl ratio however is taken from the ratio 
of the two central PSF points. It is the ratio of the central intensity of the aberrated 
PSF, and the central intensity of the pupil's diffraction limited PSF, and is commonly 
used in the literature. 
Since there is an inverse Fourier relationship between the OTF and the intensity PSF 
(note: not PSF amplitude as with the irnaging), the central PSF intensity is 
proportional to the OTF mean. 
PSF(r'= O,z'= e')a mean[OTF(z'= e')] 
(see Appendix B for nomenclature) 
Consequently the ratio of central intensities between the aberrated PSF and the 
pupil's diffraction limited PSF is a ratio of their respective OTF means. 
S( 20 ' ') PSF(r'= O,z'= e') mean[OTF(z'= e')] w at z - e - - --t---7---{4 
- - PSF(r'=O,z'= 0) - mean[OTF(z'=O)] 
The ratio of means of the OTFs would not be an appropriate comparison ofmisfocus 
tolerance if two OTFs had substantiaUy different forms. In this instance it is possible 
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for different parts of any particular OTF to cancel each other's effect on the total 
deviation from the pupil's diffraction limited case. This is illustrated in Figure 4.3-1, 
where the clear circular aperture diffraction limited OTF is shown dashed. The areas 
are the same between the two OTFs, but they are considerably different in terms of 
ability to be de-convo lved by the same function to the clear circular aperture 
diffraction limited OTF. In such instances, it would be better to take the square of 
the difference between the aberrated OTF and the pupil's diffraction limited OTF. 
Although explained here for completeness, this problem is not seen as significant for 
the misfocus corrections explained in this chapter. This is because the OTFs through 
the misfocus range, although different, have the same form, or are mostly 
continuously decreasing functions. 
OTFl OTF2 
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Figure 4.3-1 - Comparison of two OTFs for de-convolution by the same function. 
Hence the StreW ratio is an adequate measure for determining the de-convolving 
ability of an apodised system. 
Figure 4.3-2 shows the StreW ratio for a clear circular aperture, with increasing W20 
(in units 00..). 
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Figure 4.3-2 - Strehl ratios for a clear circular aperture. 
In order to set a tolerance for the StrehI ratio at which an OTF could be considered 
similar enough to the pupil's diffraction limited OTF, I chose the StrehI ratio from 
the clear circular aperture case at the Rayleigh criteria of ,)J4. The value for the 
StrehI ratio when W20 = 0.25 (A/4 criteria) is 0.586 for a clear aperture. Although this 
technique has been used in the literature [McCrickerd, 1971], the tolerance is an 
arbitrary one, and could be further improved in future work by de-convolving 
misfocussed yarn images at different StrehI ratios, and viewing the effect on 
calculated yarn parameters. 
In order to compare the techniques, I wrote a 'Matlab' script (Appendix B), which 
could take a general pupil function, and calculate the StrehI ratios vs. misfocus. In 
order to investigate the signal to noise ratio reduction, the peak magnitude of the de-
convolution (in frequency space) and the overall pupil transmittance are calculated. 
Using this program it is possible to calculate the pupil transmittance of each 
technique which can achieve a StrehI ratio of 0.586 over w2o=9A.. The script file uses 
two-dimensional OTFs and PSFs, since the one-dimensional case is not the same as a 
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cross-section of the two-dimensional case. Due to this, the computation required was 
considerable, with a typical pupil taking eight simultaneous Sun Spark Station-} Os 
around 5 hours to compute! 
The peak magnitude of the de-convolution function is taken from the pupil's 
diffraction limited (in-focus) OTF. This OTF is chosen rather than one at the end of 
the Strehl ratio range because in a yarn image most of the important detail (surface 
fibres, core edge) is contained in the in-focus part of the image. 
From the OTF de-convolution peak magnitude it is possible to calculate the effective 
signal to noise ratio reduction ofthe technique. 
4.3.1 Real positive pupil masks 
This technique accounts for most of the early work on decreasing optical sensitivity 
to misfocus. There are a variety of methods, some requiring digital de-convolution, 
but all of which use real positive transmittance pupil functions. For the functions 
which are binarised into totally transparent (0) and totally opaque (l) areas, these are 
straightforward to implement in practice. For shaded pupil functions (values 
between 0 and 1), care has to be taken to avoid the phase changes from the thickness 
of the shading substance on the transparency. For incoherent systems, the pupil is 
placed close to the objective lens. For coherent systems, the pupil function IS 
implemented in the plane where spatial filtering can occur [Biinau et al., 1993]. 
Many papers deal with the use of real positive apodisers to decrease misfocus 
sensitivity, but not to provide OTF consistency for de-convolution. Consequently 
these non-de-convolution methods could not be used for large misfocus ranges, but 
are more suitable to applications where the processing time for de-convolution is 
undesirable. 
Three papers deal with the use of specific functions applied to the pupil profile, to 
produce a desired continuation effect on the Strehl ratio through a moderate misfocus 
range. Ojeda-Castaiieda et al. [1983] use a mathematical approach with specific 
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design specifications upon the PSF. These were to provide the PSF with a high 
central intensity over a given interval, few oscillations in the PSF to maximise the 
energy in the peak, and a bounded limit to the PSF's extent. The solutions are only 
shown to maintain a sufficient Strehl ratio over around W20 = I. 
Following on from this, the same authors used McCutchen's theorem to produce 
pupil functions based on a sinc function form, which could maintain a Strehl ratio of 
0.586 over a range of W20 of approximately 1.8. Spoke wheel simulations are given 
for a misfocus of I, with the visual results showing a definite improvement, although 
by no means similar to de-convolution methods. [Ojeda-Castaiieda et aI., 1985]. A 
similar paper appeared soon after, using pupil functions based on Bessel functions. 
[Ojeda-Castaiieda et al., 1987]. The pupils resemble annular apertures (discussed 
below), and were also analysed for their effect on the OTF. 
The most common technique for apodisation used annular apertures, of which an 
important initial publication was given by [McCrickerd, 1971]. An annular aperture 
is one where the transmittance is reduced toward the centre of the pupil, and high 
over a ring at a given radius from the centre. Since the OTF is the autocorrelation of 
the pupil function, the OTF of an annular aperture is high at the zero frequency 
where the rings overlap, but rapidly decays to a steady level that remains nearly 
constant up to the diffraction limit. This limit is the diffraction limit of the 
equivalent clear circular aperture with a radius to the outer edge of the ring. 
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Figure 4.3-3 - The OTFusing an annular aperture afwidth 1125 x the outer radius 
{McCrickerd 1971J 
An important parameter of this aperture is the width of the ring (outer minus inner 
radius) to the outer radius. 
A = _r,,-o __ r.:...i 
The paper shows that when the value of A is 0.04, the phase change across the 
aperture due to misfocus aberration is 12.75 times smaller than that for a clear 
aperture. This was shown to provide a misfocus tolerance around 10.8 times that ofa 
clear aperture. Consequently, the OTF is much more insensitive to misfocus, and 
hence a de-convolution process is possible. 
The de-convolution is carried out in the work by developing the image onto a 
transparency and using a coherent spatial filter to correct the OTF. This is a tedious 
manual task, and could only be achieved in this way in real time using a spatial light 
modulator in place of the transparency. The quality of such devices is not yet 
sufficient for this purpose, and therefore the de-convolution should be carried out 
digitally. 
The disadvantage of this technique is the attenuation in the OTF, which is of the 
order of A given above (for A=0.04, the OTF attenuated from the clear aperture OTF 
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by -28 dB). The light gathering power is also considerably reduced, requiring the 
use of very high power light sources. However, the annular aperture also helps 
correct spherical and more specifically chromatic aberrations, allowing the use of 
white light illumination. 
An impressive paper dealing specifically with the combined performance of 
apodisation and Wiener or Kalman de-convolution was published [Ojeda-Castaneda, 
Ramos, & Noyola-Isgleas, 1988]. The paper only considered depths ofw2o up to 1, 
but showed very impressive image restoration ability - even to better than the in-
focus clear circular aperture OTF. 
The most systematic work for real positive annular apertures was achieved using a 
quasi-optimum solution to certain misfocus tolerant criteria [Ojeda-Castaneda, 
Tepichin, & Diaz, 1989]. In this work, the authors use the slope of the optical axis 
irradiance when moving away from the focus plane (Strehl ratio vs W20) as a measure 
of misfocus insensitivity. For a given pupil mask transmittance T, they derived the 
optimum mask to minimise the Strehl ratio slope. These masks were applied to the 
Matlab script program, the results of which are given in Figure 4.3-4 and Table 
4.3-1. 
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Real positive apodiser - Strehl Ratio vs Wzo , varying mask 
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Figure 4.3-4 -Strehl ratio plot vs misfocusfor optimised annular aperture (output 
from pupil analysis program). 
Table 4.3-1 - Signal to noise reduction from Real positive apodisation 
Strehl < 0.586 
From these results, it is clear that misfocus correction can in theory be applied up to 
and beyond W20=9 via this method, but with unacceptable dynamic range reduction. 
The signal to noise ratio reduction for real apodisers needs to be considered in two 
ways. Firstly, the OTF is usually normalised to unity (at the zero frequency). 
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However, the throughput of light into the system is reduced by the square of the 
reduction in pupil area to that ofthe clear pupil (see Equation B.l-6 in Appendix B). 
Consequently with less light, there is less power to the background illumination, and 
hence less zero frequency component. By applying more light power, or increasing 
exposure time, this light attenuation can be compensated for. The values of 
transmittance in Table 4.3-\ show that this light amplification needs to be 
considerable, and would only be achieved in practice to a limited extent. 
Consequently, two figures for dynamic range reduction are given in the table. The 
first assumes that the light attenuation is completely compensated for (under heading 
'no. bits dyn range reduced,). The second assumes no compensation is applied 
(under heading 'no. bits dynamic range reduced considering light thru put '). 
For the w2o=9 case, the signal to noise attenuation without light compensation is of 
the order of 88 dB, or 14 bits. This is clearly unacceptable. With light 
compensation and a high dynamic range camera of say 11 bits, this would leave only 
around 5.6 bits of useful data. 
The only realistic use of this method is for low values of maximum misfocus at 
around W20 = 2. By referring to the tables in Section 4.2, p.76, it is clear that this 
misfocus tolerance is only small enough for a limited set of yarn imaging conditions. 
4.3.2 Real positive or negative masks. 
These techniques use masks that do not alter the phase, except by 180 degrees for 
negative values. The masks in the literature usually also take on the form of annular 
apertures. The performance of these masks is better than the real positive masks, 
since a negative phase change in the pupil still allows light energy into the system 
The performances are given selectively in this section, since these types of pupils 
have not yet been simulated through the pupil simulation program due to their 
complexity. It remains for further work to investigate these pupils' performances at 
higher misfocus ranges than given in the respective papers. 
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A recent series of publications [Fukuda, 1991; Fukuda, Terasawa, & Okazaki, 1991; 
Biinau, Owen, & Pease, 1993] deal with positive / negative masks for coherent 
irnaging. The nature of coherent imaging, however, means that the PSF is object 
dependent (see Appendix A), and consequently a de-convolution process is not 
possible. A Strehl ratio, therefore, is not as meaningful in this instance, since the 
ratio can also relate to the ability to de-convolve the aberrated image to its clear 
circular aperture diffraction limited state. 
The best that can be achieved for coherent systems is to maintain a high on-axis peak 
irradiance of the point spread function over the object depth, without compromising 
the point spread width too much, which would cause poor contrast and resolution. 
This is the emphasis of the papers by Fukuda [1991] and Fukuda, Terasawa and 
Okazaki [1991], which attempt to provide an almost constant peak intensity over a 
modest misfocus range. The results from the publication can be shown to provide a 
very constant Strehl ratio over a w2o=0.75 A. range. The transmission of a given 
generalised pupil function is very good, and can be seen qualitatively in the paper to 
be around 0.7. No information is given about the OTF form however. 
Similar work was carried out [Biinau, Owen, & Pease, 1992; Biinau, Owen, & Pease, 
1993] which derived pupils that could maintain a very constant Strehl ratio over W20 
=1.5 A., with a transmission of around 0.6. 
Two types of pupil are derived, with similar Strehl ratio ranges, but different PSFs. 
One pupil has large side lobes in its PSF, but a narrower central peak (W20 = 1.5 A., 
T=0.5). The second pupil has no side lobes to its PSF, but a broader peak (w2o=1.7 
A., T=O.6). The differences in these two PSFs will be apparent in their OTFs, which 
are not given in the paper. The choice of PSF for yarn images would need to be 
evaluated experimentally in further work. This particular work is quite thorough, 
and it would also be worth attempting to increase the Strehl ratio range at the further 
expense of transmission. However the mathematical complexity has meant it could 
not be easily achieved by the pupil simulation program in its current form. 
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One final paper worth mentioning used zone plates to give higher misfocus range 
[Ojeda-Castafieda & Berriel-Valdos, 1990]. The Strehl ratio, although maintained 
above 0.586, is not as constant as the previously mentioned papers in this section. A 
range of pupils are given, with increasing numbers of zones, and an example of the 
performance is a pupil with a range W20 = 1.5 A., for a transmission of 0.17. Clearly 
these pupils are by no means up to the performance of the work by Biinau et al., but 
are mentioned with regard to incoherent imaging. Similar work was also carried out 
for incoherent imaging using Fresnel zone plates, which also used images and OTF 
diagrams to illustrate the results [Indebetouw & Bai, 1984] 
In conclusion, images from coherent imaging such as those used in the Uster Tester 
3, and also shown in section 5.5.3, do not have the same capacity for misfocus 
correction as incoherent systems. This is due to the mathematical inability to de-
convolve images taken using coherent illumination. The best correction for coherent 
systems in the literature, however, is given using real, positive and negative pupil 
masks, a notable one being by Biinau, Owen and Pease [1992, 1993]. Further work 
is required to see the effects of these pupils on incoherent imaging systems, and to 
exhaustively investigate their misfocus ranges. 
4.4 Wavefront encoding misfocus correction method. 
4.4.1 What is wavefront encoding. 
The latest methods to appear in the literature [Dowski & Cathey, 1995; Van der 
Gracht & Dowski, 1996; Bradburn, Cathey, & Dowski, 1997] use phase only pupil 
masks rather than transmittance filters. The advantage of this is that there is no 
reduction to the light gathering ability of the system. A major development in depth 
of field enhancement using cubic phase pupil masks is explained below, and 
critically analysed for its suitability for yarn imaging. Certain shortcomings with this 
technique, not explained in the publications, were found upon applying the 
aforementioned pupil simulation program to wavefront encoded pupil masks. 
Possible solutions to these problems are investigated in this section. 
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Following on from theoretical work involved with the mathematical representation of 
out-of-focus optical systems using the ambiguity function [Brenner, Lohmann, & 
Ojeda-Castafieda, 1983; Bartelt, Ojeda-Castafieda, & Sicre, 1984], several papers 
appeared which used a significantly different approach to misfocus compensation. 
The first [Dowski & Cathey, 1995] deals with the underlying development, theory 
and testing of a system using monochromatic light. Another later paper [Van der 
Gracht & Dowski, 1996] uses a broadband of light 100 nm wide, with the argument 
that it would be most useful for practical incoherent optical systems to not be 
restricted to a single wavelength. Some of the fundamental theory behind the 
ambiguity function is explained in Appendix B. 
Wavefront coding techniques according to the literature have extremely high 
misfocus correction ability, and constitute the best possibility of achieving the 
required depth of field enhancement for an unguided yarn image. In order to 
compare with the other methods, the Strehl ratios were calculated using the pupil 
simulation program. 
Various communications have been conducted with one of the pioneers of the 
technique, Dr E. Dowski, to do with the practicalities and problems that exist. Since 
the publications, a commercial business based around the technique has been 
established (CDM Optics, available at http://www.cdm-optics.com). 
All data, graphs and tables in this section, unless otherwise specified, were generated 
from a fumily ofMatlab programs I wrote, which investigate the wavefront coding 
technique. 
4.4.2 The definition of the cubic phase mask. 
The concept is to produce a pupil phase function which causes the OTF to become 
insensitive to misfocus. This is derived in the aforementioned research [Dowski & 
Cathey, 1995] to be specifically a cubic phase mask. 
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The phase mask pupil function is monotonically cubic in its nature. 
P(x,y) = ~eXP(ja(x3+y3» for~x2+y2 ~I 
= 0 otherwise 
where 10.1 » 20 
Equation 4.4-1 
a is a constant which detennines the rate of change of phase of the pupil function 
with distance. Dowski and Cathey showed that the constant needs to be above 20 to 
prevent varying translational shift in the point spread function with misfocus. In 
their work, they set a to 90. 
The production of such a mask is seen as a considerable challenge by the authors, 
since it is asymmetric. The costs of machining such masks are prohibitive (> £2000 
). Hence the authors used diffractive optics in their publications [Van der Gracht & 
Dowski, 1996; Bradburn, Cathey & Dowski, 1997] to produce the mask. This 
produces an approximation, which is prone to systematic and random noise [Van der 
Gracht & Dowski, 1996]. 
Communications with Dr Dowski reveal that they have since used injection 
moulding to create the masks commercially. Nevertheless, a wavefront encoding kit 
costs around 10,000$ to buy. 
4.4.3 Performance of the method according to a one-dimensional analysis. 
By one-dimensional analysis, one normally refers to an OTF being analysed in one 
optical axis. The pupil in such cases is assumed to be rectangularly separable in two 
of its optical axes. This of course is true for the cubic phase mask shown in Equation 
4.4-1. A one-dimensional analysis means that the pupil function is considered only 
along one optical axis, with the OTF being calculated in this one dimension only. It 
is worth mentioning however, that the pupil simulation program was used to analyse 
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the cubic phase pupil in a two-dimensional sense, with only one frequency axis taken 
for analysis in this section. 
The performance of the system when calculated in a one-dimensional sense was 
shown to be impressive, with the allowable misfocus at 30 times the limit set by 
Hopkins of ')J6 [Bartelt, Ojeda-Castafieda, & Sicre, 1984]. This figure is taken from 
their paper but uses a criterion which is less misfocus tolerant than the Strehl ratio 
criteria used in my comparison. 
When applying the pupil simulation program to the pupil mask in a one-dimensional 
sense, the OTFs in Figure 4.4-1 were obtained. These results are identical to those 
published. It is clear from Figure 4.4-1, that even at an extreme misfocus ofw2o= 91-., 
the OTF remains similar to the non-misfocus OTF up to the high frequency ranges. 
This is of course very desirable for de-convolution. 
OTF for a=90 at w20=0, 6 & 91.. 
w2!Ml 
dB 
-40 
-50 
.eo 
_70L----~---~---~~------.J 
o 0.5 1 1.5 2 
Normalised spatial frequency s 
Figure 4.4-1- one-dimensional OTFfrom the cubic phase pupil with a=90 and 
misfocus OflV2o=O, 6A and 9A 
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The de-convolution has at its upper limit an amplification of mid-range frequencies 
of 20 dB. This is consequently a degradation of the signal to noise ratio, which only 
reduces the dynamic ratio of the system by 3.3 bits. For the experiments carried out 
with the broad band illumination [Bradburn, Cathey, & Dowski, 1997], the reduction 
in dynamic ratio was found at 5.2 bits. 
De-convolution transfer function for a=90 mask 
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Figure 4.4-2 - one-dimensional de-convolution function for wave front coded method. 
4.4.4 Applying the pupil simulation program to the two-dimensional OTF. 
When applying the two-dimensional pupil simulation program developed for general 
pupil masks to this technique, the Strehl ratio range was also found to be very 
impressive, and is shown in Figure 4.4-3. The phase deviation constant a is varied, 
to view its effect on the ratio. The Strehl ratio tolerance of 0.586 is not even reached 
within the yarn irnaging extreme misfocus of 9. 
By application of the pupil simulation program, we could see that higher values of a 
gave a wider range of misfocus tolerance, at a moderate increase in the signal to 
noise degradation. 
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Strehl ratios vs w20 varying cubic phase mask constant a 
0.95 
a=120 
0.9 
0.85 
a=90 
0==60 
0.8 
0.75 
2 4 6 8 10 
w20 
Figure 4.4-3 - Strehl ratio plot for cubic phase two-dimensional OrF, varying 
a (output from pupil simulation program). 
However, a very important drawback was seen when viewing the two-dimensional 
OTF from this technique, shown in Figure 4.4-4. Due to the rectangularly separable 
nature ofthe mask, the one-dimensional OTFs along the vertical or horizontal 
frequency axis have plenty of area, but this is not the case for the diagonal 
frequencies. Subsequently in the text, the term 'diagonal frequency axis' will refer to 
an axis which is 45 or 135 degrees from the vertical or horizontal axis. 
This mask could not be used for yam imaging as it is. In a high resolution yam 
image, the important high spatial frequencies are those that define the core with loose 
length-wise lying surrounding fibres (horizontal frequencies), and those that define 
the twist structure (diagonal at around 26 degrees). With wavefront encoding, using 
a cubic phase mask according to the literature, it is clear that the considerable 
attenuation of non horizontal and vertical frequencies makes the method unsuitable 
for yam imaging. 
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Figure 4.4-4 - two-dimensional OTF from cubic phase mask showing rectangular 
but not diagonal frequency maintenance (output from pupil simulation program). 
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Figure 4.4-5 - Horizontal and diagonal sections through cubic phase pupil OTF, 
a=90 
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4.4.5 Investigating possible solutions. 
A solution proposed and analysed here is to extend the frequency axis so that the 
actual incoherent cut-off frequency is around 10 times that required by the yarn 
image. This is achieved by having very large apertures and pupil masks. The central 
portion of the OTF shown by the dashed cube in Figure 4.4-4 is extended to cover 
the frequencies relevant to the yarn image, and thus the diagonal frequencies are 
partially preserved. The digital restoration would be designed to multiply only the 
frequencies in the central portion to obtain a diffraction limited OTF for a clear 
circular aperture. The frequencies outside this region would be left in their 
attenuated state, to prevent aliasing. 
Since the path length error W20 is proportional to the square of the numerical 
aperture, opening the aperture diameter by a factor of 10 will increase the effective 
path-length error by 100 times. Consequently the tolerance to misfocus of such a 
modified mask has to be considerable. 
Several variations on the pupil function were analysed, to see their ability to maintain 
diagonal frequencies over as large a range as possible, as well as being misfocus 
tolerant. Some of these were circularly symmetric. However, the pupil which 
performed the best on the diagonal frequencies was the cubic phase function, with 
various settings of 0.. 
It was found beneficial to produce two pupil modifications, named here as '1' and 
'2'. The first has a misfocus tolerance to W20= 301.. (equivalent to 0.3),,), with a peak 
dynamic ratio reduction of 3.5 bits. The second has a misfocus tolerance to W20 = 
801.. (equivalent to .8),,) and a peak dynamic ratio reduction of 4.7 bits. 
For the first pupil 0. is set to 90. The aperture is extended by 10 times. Figure 4.4-6 
shows the Strehl ratio plot from the two-dimensional OTF of modification I, over the 
extended range of path length errors 0<W20 <100. 
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Strehl ratio vs extended w,o range, a=90 
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Figure 4.4-6 - Strehl ratio plot for modification 1. 
Figure 4.4-7 shows the diagonal cross-sections through the two-dimensional OTF 
from modification 1, with W20 set to 0 and 30 A.. Due to the rectangular axis 
symmetry of the two-dimensional OTF, each diagonal has the same OTF cross-
section. It is clear that under these conditions, the OTF does not alter much for 
diagonal frequencies, and thus a de-convolution is possible. The limit of w2o=30A. is 
shown clearly in Figure 4.4-6. Due to the aperture extension, the position where s 
equals 0.2 corresponds to the new incoherent cut-off frequency. Consequently the 
OTF of a diffraction limited clear aperture is shown as a dotted line in Figure 4.4-7. 
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OTF diagonal cross sections from modification 1, varying w20 
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Figure 4.4-7 - Diagonal cross-sections through OTF, modification 1. 
Figure 4.4-8 shows cross-sections for horizontal frequencies from the OTF for 
modification 1. It is clear again that up to the range 0f30A , the OTFs for horizontal 
or vertical frequencies are preserved. Due to the rectangular axis symmetry of the 
two-dimensional OTF, the horizontal and vertical axes have the same OTF cross-
section. 
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OTF horizontal cross sections from modification 1, varying w20 
1 " " 
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Figure 4.4-8 - Horizontal cross-sections through OTF, modification 1. 
For modification 2, a was set to 200, to increase the misfocus tolerance of the 
system. Figure 4.4-9 shows the Strehl ratio plot for this modified OIF, showing a 
clear misfocus tolerance to around w2o=80 1... 
Strehl ratio vs extended w'" range. u=200 
1.2,----~--~--~--=~~--___, 
0.8 
0.6 
0.4 
0.2 
Figure 4.4-9 - Strehl ratio plot for modification 2. 
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Figure 4.4-10 shows the diagonal OTF cross-sections for modification 2. The OTFs 
at W20=0 and 80 A. are shown to be surprisingly similar. However, owing to the 
larger value of a, the OTF for the diagonal frequencies is reduced by approximately 
a factor of 4 (compare with Figure 4.4-7). Consequently, the increase in misfocus 
tolerance by a factor of 2.6 has a degradation in the signal to noise ratio of around 4 
for diagonal frequencies. 
OTF diagonal cross sections from modification 2, varying w20 
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Figure 4.4-10 - Diagonal cross-sections (logarithmic scale) through OTF, 
modification 2. 
Figure 4.4-11 shows the OTF horizontal/vertical frequency axis for modification 2. 
Again, by comparison with Figure 4.4-8, we can see a reduction in the OTF. 
However, in this case it is only by a factor of around 1.3. Again, the difference 
between the OTFs for W20=0 and 30 A. are much less for modification 2 than for 
modification 1. 
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OTF horizontal cross sedions from modification 2, varying w20 
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Figure 4.4-11 - Horizontal cross-sections through OTF, modification 2. 
Both modifications have advantages over the conventional cubic phase mask in that 
they preserve the diagonal frequencies, providing a more circularly symmetric OTF. 
However, for modification I, the effective misfocus tolerance of 0.3 I.. is 
unacceptable for almost all yarn irnaging configurations. This also applies to a lesser 
extent to modification 2 where the misfocus tolerance is only 0.8 1... 
The maximum signal to noise ratio reduction for modification 2 is around 4.7 bits for 
diagonal frequencies. It is 3.5 bits for modification L 
Further modifications were investigated, for example to increase a beyond 200, 
giving large misfocus ranges. This seemed to cause unstable OTFs at very high 
levels ofmisfocus. However, these methods have not yet been exhausted. 
4.4.6 Conclusions to the wavefront encoding solution and modifications. 
The cubic phase mask system has a significant advantage over apodisation 
techniques, in that there is no loss of light through the pupil. Furthermore, it is 
possible to extend the field depth to much greater extents than the other techniques, 
maintaining high Strehl ratios, and consequently correctly restored OTFs. The 
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disadvantage is in the non-circular nature of the OTF from the cubic phase mask 
given in the literature, with non-vertical and horizontal frequencies badly attenuated 
to unacceptable limits. This makes the method unacceptable to all but low-misfocus 
yarn rrnagmg. 
The modifications proposed in this thesis improve the circularity of the OTF, but at 
great expense to the misfocus tolerance range. Therefore, regrettably the method is 
not suitable at this stage for yarn imaging. 
Other phase masks, with more symmetrical functions, were investigated, but none 
were found to improve the OTF diagonal frequency responses, and all had less 
misfocus tolerant ranges than the cubic phase mask. This however was a trial and 
error approach, rather than a systematic mathematical one. A subsequent paper from 
the same authors [FitzGerrell, Dowski, & Cathey, 1997] showed how the ambiguity 
function could be applied to circularly symmetric pupil functions, and thus could 
enable the design of specific misfocus transfer functions. Before completely 
disregarding the wavefront encoding technique, therefore, it would be important in 
further work to attempt to design a circularly symmetric pupil function capable of 
meeting the high demands of yarn imaging. Furthermore, the modifications shown 
above could be investigated more fully, since there are many control variables 
involved, as well as qualitative control criteria. 
Although not published, it may be safe to assume that the technique can be made to 
work, since an entire business has been born out of its concept. It remains for further 
work to find the secret, if one exists. 
4.5 Analysis and optimisation using conventional optics and guide 
plates. 
Sections 4.3 and 4.4 deal with optical systems which reduce the effects of misfocus 
by causing the OTF to become insensitive to misfocus, followed by digital signal 
processing to restore the OTF to its diffraction limited clear circular aperture 
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equivalent. However, this has essential disadvantages in that it requires two-
dimensional convolutions, as well as high spatial resolution in both axes. Unique to 
the research of this thesis is another approach to depth of field correction, by 
physically restricting the depth of field - i.e. to force the yarn into a planar region. 
This would not need convolution or equal spatial resolution in both axes, and would 
be more suitable for high speed yarn inspection. Furthermore, pushing the fibres into 
the planar region may have benefits from a hairiness inspection point of view, 
discussed in section 7.3.1. 
Since there is no need for apodisation techniques when guiding the yarn 
mechanically, it is important to optimise the clear circular aperture size, in order to 
maximise the OTF for the image planes enclosed within the yarn guide plates. This 
is shown mathematically in this section. Also, a further enhancement over classical 
depth of field restrictions is developed, by fine-tuning the aperture size to obtain the 
best two-dimensional OTFs and point spread functions. This is tested by imaging 
guided yarn samples, varying the aperture and qualitatively viewing the results. 
The effect of lens aberrations do not pose as much of a threat as misfocussing, 
because they can almost be eliminated using careful lens arrangements, available 
commercially. Nevertheless, the benefits obtained by the optical fine-tuning given 
below would be largely academic when using a low quality optical system, since 
significant levels of any type of aberration would remove the high frequency gains 
from the optimisation. 
The essential mathematical formulae for this analysis are given in Appendix B. 
All data, graphs and tables in this section, unless otherwise specified, were generated 
from a family of Matlab programs I wrote, which investigate depth of field 
optimisation. 
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4.5.1 Setting the aperture according to classical limits. 
According to the Rayleigh criteria [Rayleigh, 1879, cited in Bartelt, Ojeda-
Castafieda, & Sicre, 1984], there will be no appreciable deterioration of the image, 
i.e. no marked change from the Airy pattern, provided the maximum phase 
disturbance arriving at the centre of the pattern does not exceed re/2. In other words, 
W20 is limited to ,,/4 [see Section B.2 for a definition ofw2o]. 
Hopkins, on the other hand, decided on a criteria whereby the ratio of the aberrated 
OTF to the pupils' diffraction limited OTF must not be less than 0.8 for any specific 
spatial frequency [Hopkins, 1955; see also Hopkins, 1957 and Hopkins, 1966, cited 
in Bartelt, Ojeda-Castafieda, & Sicre, 1984]. 
Mathematically, this was shown by Bartelt, Ojeda-Castafieda, and Sicre [1984] to be 
equivalent to having the W20 phase disturbance limited to one sixth of a wave. This 
limit is given an out of focus unit 1jI, and has been used and referred to by 
subsequent literature. 
Equation B.2-4, derived in Appendix B, is shown below, which relates the maximum 
phase error W20 from a clear pupil of aperture F with the misfocus depth e (referred to 
the object), and the magnification m. 
e' 
w"'-.".------,-
20 8p2(1+m)2 
Equation 4.5-1 
m
2
e 
'" 8p2(1+m)2 
(e' is the misfocus depth referred to the image). 
By inspection of Equation 4.5-2 (below), we can see that by setting Wzo (and m) to a 
constant, the allowable depth of field range 2 x e is a function of the square of the 
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aperture F number. The smaller the aperture (larger F) the larger e can become. The 
aperture F is thus in a sense the adjusting variable that allows a given depth of field 
to have an upper limit of phase disturbance. In this application, e would be set to 
half the distance between the yarn guide plates and m would be set by the particular 
yarn configuration (Section 3.11.1). 
By replacing W20 by I../n (where n=4 for the Rayleigh criteria, n=6 for the Hopkins 
criteria), and rearranging Equation 4.5-1, we obtain the following expression to find 
the optimum aperture setting to restrict out-of-field aberrations: 
F- m r;i 
m+l Vii 
Equation 4.5-2 
Further re-arranging gives: 
16AF2 (I + m)2 
Depth of field = 2e = 2 
nm 
Equation 4.5-3 
4.5.2 Fine tuning Hopkin's sixth wave / Ray/eighs quarter wave criteria. 
By viewing the OTFs for misfocus on the normalised frequency scale (Figure 4.5-1), 
it is clear that [W20= !..In where n=4] is the point before which a rapid deterioration 
occurs in the transfer function. Hence it would seem pointless to set the upper limit 
of W20 to anything more. The aim of this section is to determine whether n=4 is the 
optimum wave aberration limit. The establishment of the optimum wave divider for 
a constrained depth of field will allow us to correctly set the aperture, and obtain the 
highest possible resolution at the guide extremities, as well as improving the 
resolution in all planes in the guide. 
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Optical transfer functions for focus errors 
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Figure 4.5-1 - The optical transfer functions for out of field abe"ations varying W20. 
In Figure 4.5-1, s is used to denote the normalised spatial frequency (s=1 being the 
cut-off frequency of the CIF for the un-aberrated lens system). If we plot the same 
functions of Figure 4.5-1, but without a normalised frequency scale, we obtain the 
graphs in Figure 4.5-2. The extension of the lines occurs because as n decreases, the 
optimum aperture F number decreases, and therefore the cut-off frequency where s=2 
increases. 
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non normalised frequency scale varying n (w20=)Jn) 
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Figure 4.5-2 - The non-normalisedfrequency scale (referred to the image) varying 
w=A/n. magnification =1, e=0.25 mm, ;"=420 nm 
To obtain actual values for the frequency scale in Figure 4.5-2, the magnification is 
set at 1, the out-of-field distance is 0.25mm (guide width of 0.5mm) and the 
wavelength is 420 run. This will be the case from now on unless otherwise specified. 
Inspecting Figure 4.5-2 wiU show that the IJ3 limit has a better frequency response 
than IJ6 for the higher frequency ranges (in this example 110 to 150 line-pairs Imm), 
without significant degradation of the lower to mid ranges. 
NumericaUy, integrating the area under the two-dimensional cross-section transfer 
functions can show this effect when varying n (Figure 4.5-3). The optimum occurs 
at n=3.2. (maximum phase disturbance W20 = IJ3.2). 
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2D OTF cross section Optimum wave-<livider n 
0.8 
2 3 4 5 
n 
6 7 8 
Figure 4.5-3 - The normalised area under the cross-sectioned OTF for different 
values ofn. 
We must consider, however, that the optical transfer function for circular symmetric 
functions is two-dimensional, with the cross-sections of Figure 4.5-2 rotated about 
the zero frequency axis. If we calculate the volumes under these two-dimensional 
functions, we will place more emphasis on higher frequencies, since they have a 
large radius, and hence sweep a larger volume than lower frequencies. The 
normalised areas under the two-dimensional OTFs when varying the wave divider n 
are shown in Figure 4.5-4. The optimum is found at n=2.6, with n=2.8 being only 
0.1 % smaller. In order to partially preserve the lower and mid range frequencies, but 
still maintain maximum volume under the OTF, we choose n=2.8 rather than n=2.6 
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20 OTF volume varying wave divider n 
-O.2'---~-~--~-~--~---' 
1 2 3 4 
n 
5 6 7 
Figure 4.5-4 - Normalised volume under two-dimensional OTFs varying n. 
This optimisation can be seen visually by simulating spoke wheel image filtering, a 
technique often seen in the literature. Figure 4.5-5 shows one such image in an 
unfiItered state, and then with various OTFs applied. These OTFs are detennined by 
varying the allowable wave divider n. Although the scale of these images is 
arbitrary, it is easy to see that there are resolution gains through optimising the 
aperture. This simulation assumes insignificant levels of noise. 
Figure 4.5-5(a) - Unfiltered spoke wheel simulated image. 
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Figure 4.5-5 (b) - Aberrated simulation, e=O.25 mm, n set at 2.8 
Figure 4.5-5 (e) - Aberrated simulation, e=O.25 mm, n set at 4 
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Figure 4.5-5 (d) - Abe"ated simulation, e=0.25 mm, n set at 6 
Figure 4.5-5 - Simulated spoke wheel, (a) un filtered, (b) filtered with n=2.8, (c) n=4, 
(d) n=6 
(Simulated parameters ,'- 2=420 nm, optical magnification = 5.2, e=0.25 nm) 
4.5.3 Determining image resolution when using the optically optimised guide 
plate solution. 
From the resolution viewpoint, we can see that in an ideal optical system, the best 
aperture setting with a circular clear aperture, over a restricted depth of field, is 
optimised by allowing a maximum phase disturbance of 1J2.8. This is in contrast to 
the 1J6 limit set by Hopkins and 1J4 limit set by Rayleigh. 
It is also possible to regard this optimisation from a spatial viewpoint. The intensity 
PSF for incoherent systems is found by taking the inverse Fourier transfonn of the 
OTF. The general approach for point spread resolution criteria is to find the distance 
at which two adjacent PSFs can be distinguished from each other [Hecht 1974, p 
354]. A common PSF separation used is the Rayleigh criterion [not the same as 
Rayleigh quarter wave criterion]. Rayleigh's minimum resolution criterion states 
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that for two points to be resolvable in an image, they must be separated by a 
minimum distance in which the first minimum of the Airy disk of one point 
coincides with the central maximum of the adjacent point's disk. 
This occurs when: 
dmrrJ = 1.22A.F(l + m) 
Equation 4.5-4 
where dmini is the minimum resolvable point separation in the image. [Hecht, 1974, 
p. 354.] This analysis is only suitable for an aberration-free system, since it only 
considers the diffraction limited point spread function (Airy disk) from a clear 
circular aperture. 
A better approach uses the point spread functions from the aberrated lens OTFs. 
Consider two point spread functions side by side separated by a distance d: 
d 
• 
-- ,'--
Figure 4.5-6 - separating the point spreadfunctionsfrom an aberrated lens system. 
Two clear circular aperture diffraction limited point spread functions are just 
resolved in the Rayleigh criteria, when the central dip is 76.9% of the adjacent peak 
intensity. They are resolved according to the Sparrow criteria when the central dip is 
100% of the adjacent peak intensity. [see Ash, 1980, pAl 
Figure 4.5-7 shows the point spread separation distances for the Sparrow and 
Rayleigh criteria for two-dimensional clear circular apertures, varying wave divider 
n. From this it can be seen that the lower the divider n, the better is the resolution -
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which confinns the optimisation given above. However, these results need to be 
interpreted with care. Figure 4.5-8 shows cross-sections of the two-dimensional 
point spread functions at various wave dividers. It can be seen that the lower the 
divider, the more rapid drop in the point spread function from the central maximum. 
This is the cause of the continued resolution increase at lower dividers in Figure 
4.5-7. The trade off is that the side lobes of the point spread functions increase with 
lower divider, enabling higher resolution, but lower contrast at more mid-range 
frequencies. 
Object pOint spread resolution (mm) varying optimum wave divider n 
0.06 
Rayleigh 
0.05 ~ 
0.04 
0.03 
0.02 
0.01 
2 3 4 5 6 
n 
Figure 4.5-7 - PSF resolutions referred to object. varying divider n. 2e is taken as 
0.5 mm. 
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n=2.5 
n=4 
o 20 40 50 
microns 
Figure 4.5-8 - PSFs with varying wave divider n. 
By inspection of Equation 4.5-4, it can be seen that the 1.22 constant determines how 
far apart two adjacent diffraction limited clear circular aperture PSFs need to be in 
order to be resolved under the Rayleigh criteria. For the PSFs found by the 
A.l2.8 phase disturbance limit, the 1.22 constant would change. By substituting F 
from Equation 4.5-2 into Equation 4.5-4, referring to the object (dividing dmin; by 
m), and substituting values from the numerically determined PSF separation 
distances when n=2.8 in Figure 4.5-7, we obtain the following expression for dmino : 
Equation 4.5-5 
Note that dmino is independent of magnification, and depends only on wavelength 
and the guide plate separation. For a guide width of 0.5mm and wavelength of 420 
run, the minimum point resolution for any yarn imaging configuration at the plate 
boundaries is 40 microns. 
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It is important to realise that the above analysis of optirnisation only shows 
improvements to images at the guide plane extremities. However, since the aperture 
is made wider with the AI2.8 criteria than classical limits, all the planes within the 
guide plates including the in-focus plane will have higher spatial resolution with this 
optirnisation. Therefore they will have more area under the OTFs than with classical 
depth of field conditions. This is especially important at the more in-focus areas, 
such as the plane which dissects the yam mid-way between the plates and contains 
the diameter information, and the plane at the yam surface which contains the yam 
twist detail. 
It would be important for further work to prove this optirnisation on real yam images, 
taken from yarns placed between guide plates. Although there are high frequency 
gains which improve the point spread function central peak width, there are also mid-
range frequency reductions (Figure 4.5-2, page 108). Consequently the effects of 
aperture optirnisation on yam hair detail may be in some fashion detrimental if these 
mid-range frequencies play a vital role in the overall image quality. Initial attempts 
have been made at such experiments, but were too simple to be of use. Such 
experiments would require optics and apparatus of the highest quality and careful 
design. However, it may be possible to simulate the aperture optirnisation principle 
on computer generated yam images rather than the spoke wheel images from section 
4.5.2. 
In conclusion, it is theoretically possible to allow wider apertures than with classical 
restrictions (due to depth of field limits) when the depth of field is restrained 
physically, such as with yam guide plates. This widening allows higher resolutions 
at all planes within the guide, but also provides the better resolution at the yam guide 
extremities. It has been shown to improve the image quality of simulated spoke 
wheel images, but it is not known yet whether this technique will work for real yam 
images. 
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4.5-4 Application of guide plates to the yarn imaging configurations. 
A set of glass guide plates were made for constraining the yarn within a 0.5 mm wide 
gap (see Figure 7.3-1, p.242). 
The plates can be mounted onto the L YSS test rig, but are essentially static plates 
and meant for optical analysis only. See Chapter 7 for a discussion on the guide 
plate practicalities, and Chapter 9 for proposals on dynamic guide plates. 
Figure 4.5-9 shows an image of a rotor spun yarn, sandwiched between guide plates 
0.5 mm apart. A 'wild fibre' is seen in the image, attempting to spiral away from the 
imaging plane, but is restricted into the correct image plane, and consequently is 
imaged properly. 
Figure 4.5-9 -Image of rotor spun yarn, in between 0.5 mm separated guide plates 
In Table 4.5-1, the yarn imaging configurations are shown, with a column '2e 
allowable' showing the allowable field depth at which the A.l2.8 phase disturbance 
criteria is maintained. Where this depth is greater than 0.5 mm, the aperture does not 
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need, and is not optimised, since it is set to its value according to the Nyquist 
frequency (in this case using the Nyquist as the optical cut -off frequency or n= 1 - see 
section 3.11.2). That is to say that for these configurations and resolutions, the 
optical resolution at the guide plate extremities is not limited by optical factors, but 
digital. This is indicated by a 'no' under the heading 'Adjusted F for guides'. 
Table 4.5-1 
Configurations 1 & 4 • Field of view 10 mm. 
config 1 - Yam hairiness, diameter & twist 
config 4 - Yam hairiness, diameter 
28 allowabl Ad'usted F Iguided Un uided Unguided 
N m Imm for guides in focus dmino urn F (n;1) infocus dmino 
256 0.33 63.41 no 95.31 35.47 95.31 
512 0.67 15.95 no 47.66 28.38 47.66 
1024 1.33 3.96 no 23.83 20.28 23.83 
2048 2.66 0.99 no 11.91 12.91 11.91 
4096 5.32 0.25 12.15 7.40 7.47 5.96 
Configuration 2 • Field of view 8 mm. 
Yam hairiness tester. 
2e allowabl Adjusted F In focus Unguided Unguided 
N m Imm for guides dmino/um F(n;1) infocus dmino 
256 0.42 40.58 no 76.25 33.38 76.25 
512 0.83 10.15 no 38.13 25.80 38.13 
1024 1.66 2.54 no 19.05 17.75 19.05 
2048 3.33 0.63 no 9.53 10.92 9.53 
4096 6.66 0.16 12.55 7.40 6.17 4.77 
Configuration 3 - Field of view 1 mm. 
Yam diameter and twist 
2e allowabl Adjusted F In focus Unguided ~uided 
N m Imm for Quides dmino/um Ftn;1) infocus dmino 
256 3.33 6.34E-01 no 9.53 10.92 9.53 
512 6.66 1.59E-01 12.55 7.40 6.17 4.77 
1024 13.31 3.96E-02 13.43 7.40 3.30 2.38 
2048 26.62 9.91E-03 13.91 7.40 1.71 1.19 
4096 53.25 2.48E-03 14.17 7.40 0.87 0.60 
At field depths smaller than 0.5 mm where the 1../2.8 phase disturbance criteria is 
maintained, the aperture is changed (F number increased) in order to maintain 1../2.8 
phase disturbance at the guide extremities. This optimises that optical resolution at 
the guide extremities for these instances, at some degree of cost to the resolution of 
more in-focus planes. The wavelength of light used in the calculations is changed to 
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420 run for these instances, since the limiting factor on resolution is optical rather 
than digital. The aperture which would have been used to limit the resolution 
according to the Nyquist frequency only (no phase disturbance minimisation), is 
shown under the heading 'Unguided F'. The Nyquist and optical cut off frequencies 
are set the same, since the high frequency gains from aperture optimisation will not 
be useful if the OTF is allowed to extend past the Nyquist as is the case in Table 
3.11-1 to Table 3.11-3. The corresponding minimum point to point resolvable 
distance dmino for the in-focus plane is given under the heading 'Unguided in-focus 
dmino' . The distance dmino for the in-focus plane when reducing the aperture for 
phase disturbance minimisation is given under the heading 'guided in-focus dmino'. 
A comparison of these two values for dmino gives an indication of the cost to the in-
focus resolution imposed by the optimisation of resolution at the guide plate 
extremities. 
It is clear in configurations I, 2 and 4 that the guide optimisation could be used at the 
higher magnifications (> 5 achieved only with CCD sizes 4096 and above), but is not 
useful below this. For configuration 3, the optimisation could be used for all CCD 
sizes except 256. However, there would be little point in using the guide plates for 
this configuration, since we are not interested in measuring hairiness in this case. 
With the use of guide plates to implement misfocus correction, the aperture may be 
usefully reduced (increasing F) for configurations I, 2 and 4, but only with the CCD 
size of 4096 pixels. There is a corresponding decrease in optical resolution (dmino) 
for the in-focus planes from the unguided to the guided cases. Here we can see the 
trade-off between attempting to correctly image fibres lying at the guide extremities 
whilst still imaging surfuce twist and yarn diameter with sufficient resolution 
(configurations I and 4). The increase in the in-focus dmino is 55% for 
configuration 2 but only 24 % for configuration I. It is also interesting to see that 
dmino for in-focus planes remains at 7.4 microns wherever the guide plate 
optimisation is used. 
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In summary, the guide plates theoretically provide misfocus correction for outlying 
hairs, and still maintain high resolution at in-focus planes for twist and diameter 
measurement. The aperture optimisation technique can theoretically be usefully 
applied at optical magnifications of greater than 5. However this excludes all but the 
highest resolution yarn irnaging systems. It would still be highly beneficial to use the 
guide plates for lower resolution systems for misfocus correction, but the aperture 
would be set according to the digital image restrictions rather than the optimum 
optical limit. 
4.6 Discussion on the suitability of misfocus correction methods_ 
The three methods of misfocus correction analysed above (de-convolution 
apodisation, non de-convolution apodisation, and optimised guide plates) are 
applicable to different forms of yarn imaging. This section discusses from my 
conclusions which methods would be suitable for each imaging configuration, and 
why. 
For the purposes of this discussion, the yarn imaging configurations are divided into 
two categories, namely high and low magnifications. It was shown in Section 3.11.4 
that for high speed yarn inspection, it is currently impractical to have high 
magnifications (used when measuring yarn twist angle through image processing), 
due to the extreme data rates required. (This may not be true if the application of 
highly converging laser light upon the yarn image to measure twist proves to be 
successful - this is discussed as further work in Chapter 9.) Consequently, for high 
speed inspection it is not necessary to image the yarns at such high magnifications 
(typically greater than 4) and resolutions. For low speed inspection, however, the 
measurement of twist angle requires high magnifications. This also applies to 
applications which require very accurate yarn diameter measurement. 
4.6.1 Considerations of the yarn fibre denSity. 
When understanding how resolution limits apply to a yarn image, it is important to 
see that the gaps between individual fibres, and those between the fibres and the 
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core, are significant. Otherwise, the fibres may not be counted correctly, and the 
core may be widened. This applies most to yarn images which have been obtained 
through back-lighting. Experience from this research has shown that dense groups of 
fibres near the core are easily misrecognised as being part of the core mass. 
At 7 mm from the yarn core, the density of hairs is small and therefore the gaps 
between them are on average quite wide. This is an important point. A badly 
focused unguided small fibre of less than 10 ~m diameter which was isolated from 
other fibres would have a heavily rounded depression in the light intensity profile 
(Chapter 3, Figure 3.5-4, p.42), but could, in principle, be image-enhanced to 
produce a moderately thick fibre in the processed image. This however requires 
significant image processing, and reduces the signal to noise ratio of the fibre, which 
if scanned in a reduced length-wise resolution (such as for high speed yarn 
inspection) would be unacceptable. 
Therefore we can conclude that although fibres at the extremes of the field are less 
dense and so do not need high misfocus corrected resolution to be separated from 
each other, there is still a requirement to enhance their image, especially for high 
speed inspection. 
4.6.2 What depth angle is required. 
Table 4.2-1, Table 4.2-2 and Table 4.2-3 show that when using lower magnifications 
(around 1 to 1.5) for unguided yarns, the required misfocus tolerant range of W20 is 
typically between 5 to 8 wavelengths. This is optically a large range, but of course 
provides for the diffiaction limited imaging of fibres which are almost perpendicular 
to the imaging plane. This issue is discussed further in section 7.3, but it is sufficient 
to say here that it is possibly unnecessary to require the precise imaging of fibres at 
these orientations, not least because their apparent length is misrepresented. 
Nevertheless, there is a finite angle over which the fibres must exist, unless the guide 
plate method is used. Instruments such as the Uster Tester 3 Hairiness Attachment 
measure diffiacted light coming from hairs at all depth angles, albeit unfocussed 
light. For the purposes ofthis discussion, therefore, it is assumed that the full depth 
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is required to be imaged for each configuration of the three tables mentioned earlier. 
However, if a misfocus technique is found which can work for fibres within a 
moderate 45 degree angle from the imaging plane axis, then it is still regarded here 
as useful. 
4_6.3 Methods suitable for high yarn speed, low magnification. 
For high-speed hairiness inspection we can assume that lower magnifications are 
used, with moderate but necessary misfocus correction required. De-convolution 
misfocus correction is unsuitable due to the loss of the length-wise resolution which 
prevents de-convolution, as well as the processing overhead. Non de-convolving 
apodisation is more suitable, especially if using coherent light. The most suitable 
method in my view, however, is the use of guide plates. This is because the question 
of depth of angle is no longer relevant since all fibres are brought into the imaging 
plane. There is no loss of resolution due to the misfocus correction, especially at low 
magnifications (see Table 4.5-1). The guides also prevent the fibres from spinning 
and vibrating in the field, which happens vigorously for unguided yarns at high 
speeds. 
4.6.4 Methods suitable for low yarn speed, high magnification. 
The applications which require high magnification by definition also require high 
image resolution. Consequently, non de-convolving apodisation techniques are not 
suitable, since to increase the misfocus tolerance, they partially sacrifice the image 
resolution. 
De-convolving apodisation techniques are more suitable since they can provide 
diffraction-limited, clear circular aperture equivalent resolution, at large misfocus 
ranges. The low speed enables the digital de-convolution process to take place. 
Furthermore, the application of high magnification is always for images which have 
equal resolution in the transverse and lengthwise axes (for example measuring twist, 
and accurate yam diameter), which is a requisite for de-convolution. The problem is 
that no de-convolution technique seen in the literature is capable of providing a 
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sufficient signal to noise ratio for a circularly symmetric transfer function, over a 
large misfocus range. This also applies to wavefront encoding. Also, Table 4.2-1 
shows that at high magnifications, the misfocus range becomes excessive, especially 
for configuration 1 (twist and hairiness measurement), and is out of the range of all 
unguided yam misfocus correction methods. 
Consequently, the yam guiding technique is again the most appropriate for providing 
misfocus correction, and high image resolution, without requiring de-convolution. 
For unguided yarns, there is no practical method of misfocus correction suitable at 
high magnification, when imaging hairiness. However, for configuration 3, the low 
field depth requirement, even at magnifications as high as 6, means that the misfocus 
range is within the reach of de-convolution apodisation techniques, albeit with a 
large reduction in dynamic range. 
4.7 Conclusions 
The effect on the resolution of the fibres on the yam owmg to the combined 
diffraction limit and misfocus will not be improved by increasing the magnification 
or decreasing the pixel pitch of the CCD. Only the CCD pixel averaging effect and 
the electronic bandwidth are substantially improved with the magnification. 
Consequently a series of misfocus correcting techniques have been reviewed and in 
some cases developed in this chapter. 
For unguided yarns, a series of apodiser misfocus correction methods were reviewed 
and mathematically analysed to understand their applicability to yam imaging. The 
reduction in signal to noise ratio was found to be too much for real positive 
apodisers. The real positive I negative apodisers were better, although still causing 
significant reductions in the signal to noise ratio when used for incoherent imaging. 
The positive I negative mask techniques are good, however, if we consider coherent 
imaging of yarns, since they can be useful in increasing the misfocus tolerance 
without requiring de-convolution. Masks given for this purpose [Biinau, Owen, & 
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Pease, 1992; Biinau, Owen, & Pease, 1993] had excellent transmission, and 
controlled PSFs through the misfocus ranges of around W20 = 1.5 A.. This range is too 
small for most yarn imaging configurations, but represents a welcome improvement 
provided that the in-focus resolutions are not heavily degraded. Further work would 
be required to investigate this. 
The technique with the most promising performance, when considering incoherent 
light and de-convolution, was the latest wavefront encoding technique. However, 
after simulation, it was discovered that this too was unsuitable, due to the non-
symmetry of its OTF. Proposals were analysed and simulated, which much 
improved the OTF symmetry, but could only give a small depth of field - too small 
for most yarn imaging configurations. Further work is proposed to attempt to use the 
circularly symmetric ambiguity function [FitzGerrell, Dowsk~ & Cathey, 1997] to 
design an appropriate phase-only mask. 
For high magnification, low speed unguided yarns, only configuration 3 can be 
considered for misfocus correction through apodisation or wavefront encoding. This 
would need to be using de-convolution. Configurations I, 2 and 4, which require 
yarn hairiness to be imaged, cannot be misfocus corrected by any method other than 
yarn guiding. The problems associated with the misfocus correction of unguided 
yarns mean that more emphasis needs to be placed on the yarn guiding method. 
For guided yarns, Section 4.5 showed using wave aberration theory that an optimum 
optical resolvability can be reached in a system, which is independent on 
magnification, but dependent on depth of field requirement of the object (in this case 
of guided yarn). Two standard criteria for this in the past are the Rayleigh quarter 
wave criterion, and Hopkins misfocus criterion, which set a limit on how far an 
aperture should be closed in a system to allow a depth of field without drastically 
compromising the diffi"action limit. However, using careful numerical techniques, it 
was shown that by changing the quarter wave criterion to one third wave 
(approximately 112.8), higher frequencies can be allowed into the system without 
sacrificing the lower frequencies too much. These high frequency gains can be 
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easily destroyed by any degree of aberration, such as spherical aberration, which 
would have to be removed for such a theory to be practical. Tests were carried out to 
investigate these claims. The results showed however that for the type of optical 
arrangement used, it was better to stay with the classical Rayleigh quarter wave 
criteria. Table 4.5-1 shows the expected resolutions from the yam imaging 
configurations using yam guiding as misfocus correction. Using a 0.5 mm guide 
gap, it is still possible to resolve 7 micron point separations for in-focus planes, and 
40 microns at the guide wall extremities. All fibres are held within this region. 
Consequently yam guidance is seen as an effective method of misfocus correction 
for yarns. 
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image enhancement methods. 
5.1 Introduction to the chapter. 
Upon receiving the grey level data from the movrng yarn, the first task is the 
enhancement or pre-processing of the image. This simplifies the task of the yarn 
parameter algorithms. For some yarn parameters, such as hairiness and diameter, a 
binary yarn image is often required where the on-state represents a quantity to be 
measured. 
In order to reduce the amount of processing required for image enhancement, it is 
greatly advantageous to use non-digital techniques (such as optical or electronic) as 
far as possible. One such example is dark-field imaging, where the yam core appears 
dark, surrounded by luminous hairs (Sections 5.5.3 and 5.5.4). 
This chapter begins by illustrating the key problem in yarn image illumination and 
processing, that of correctly separating the core from the hairs. A review of some of 
the few methods published to date is given, followed by a clarification of what is 
meant by the yarn core diameter. 
As has already been shown in Chapter 3, illumination can play an important part in 
the acquisition and overall pre-processing of yarn images. Consequently, Section 5.5 
deals with various illumination methods, including optical spatial filtering method, 
and tests them on several yarn samples. 
The yarn samples were obtained from yarns of different materials and spinning 
methods. These were clamped into a custom-made specimen holder, and imaged 
using various yarn imaging techniques. In order to investigate the effectiveness of 
the different techniques, a set of high magnification images were also obtained for 
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the yarn samples. The high resolution and clear fibre detail of these images make 
them a useful benchmark to test and understand the effects of conventional imaging 
methods. 
A brief description of the equipment used in the investigations is given, including a 
rotating yarn mounting device. A technique developed in this research for 
automatically joining adjacent yarn sample images into a continuous sample is also 
shown. 
The digital image enhancement methods investigated in this chapter are mostly for 
application to back-lit yarn imaging. The benefits of digital image processing on 
other forms of illumination were not investigated due to restraints on the scope of the 
work. Examples of parameters measured using back-lit yarn illumination are 
diameter, hairiness and nip detection, but not twist. In order to maintain consistency 
with the theme of the thesis (an overall view of the potential of yarn imaging 
including low- and high-speed application), a series of yarn aspect ratio 
classifications are given. Yarns imaged at different length-wise resolutions require 
different image processing techniques. 
Several of the image processing methods used are common techniques, such as 
convolution, flat-field correction, and run-length encoding. However, several 
methods have been developed which are unique to this work. Their advantages and 
limitations are discussed critically. 
The chapter concludes with a summary of the findings from the chapter, as well as 
guidelines for further work. 
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5.2 An important aim of yarn image enhancement - core / hair 
separation. 
When carrying out work on the extraction of different parameters from yam data, 
sometimes for correlations with other instruments, a central requirement was 
consistently encountered. The yam hairs and the core needed to be identified with 
regard to their mutual boundaries. The core width measurement could be seriously 
affected by dense areas of surface hairs. Similarly, hair density or quantity 
measurements could be seriously affected by allowing some to be misidentified as 
part of the core. The problem of identification is further complicated by the manner 
in which the hairs close to the core take low light profile values similar to the core. 
Figure 5.2-1 is an illustration of a yam intersected by a scan line from a line-scan 
CCD imaging system. The light intensity profile from the CCD would look like the 
graph adjacent to the image (note the light is behind the yam, casting a shadow on 
the CCD). The boundaries of the core in the graph are not vertical due to the partial 
absorption of the light at the core edges in surfuce fibres. Furthermore, when hairs 
are close to the core, they tend to widen the core trough in the graph. A single 
threshold does not easily detect them, since they create darker shadows than hairs 
away from the core. 
Light 
Scan line,,-_-'lt_~~ __ _ 
Hair near core 
Effect of hair near core 
Threshold used for 
binarising the image. 
distance along scan 
Figure 5.2-1 - The effect of diffusion on the light intensity graph. 
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Figure 5.2-2 shows an actual scan line profile, along with the yarn image it belongs 
to. The emergence of a surface fibre from the core can be seen by a small trough on 
the left of the profile. However this could not be detected in the same way as fibres 
which exist away from the core. 
line light profile 
Figure 5.2-2 - Left: light profile showing the nature offibres near the core for a 
back-lit rotor spun yarn (the profile corresponds to the bottom of the yarn image). 
Right: the grey level image. 
5.2.1 Previous publications which address core / hair separation. 
This problem is not new to researchers, although surprisingly little research has been 
published on methods of separating yarn cores from surrounding hairs other than 
129 
Chapter 5 - Yarn illumination and digital image enhancement methods 
coherent dark-field imaging as in Zeltner [1984]. In Zeltner's paper, only the 
principle is shown, without tests or details ofwbat kind or size offilter to use. 
In earlier work by textile researchers, a common definition for hairiness was the 
hairiness coefficient. This was defined as the ratio between the optical diameter of a 
back-lit yarn when measured from a screen projection, and the photo-metric diameter 
measured when the yarn casts a shadow onto a photo-sensor. The effect of surface 
fibres in this case caused artificially high core diameter readings from the photo-
sensor. No specific detail is given on where to define the core boundary on the 
screen projection [Onions & Yates, 1954). 
Wulfhorst and Bergmann [1989] compare methods of measuring yarn diameter using 
microscope inspection, CCD scanning, laser scanning, and conventional back-
lighting methods. For CCD scanning, it was stated that the variable effects on 
diameter by changing the threshold gave this method a disadvantage. However, even 
front-lit images do not bave a steep cut-off in the light profile between the core and 
the surrounding fibres, and this obviously also applies to images viewed under a 
microscope. Again, no details are given as to how the core boundaries under the 
microscope were defined. 
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Figure 5.2-3 - Front-lit image for a rotor spun yarn, cotton count 8. 
A yarn imaging system developed in Hungary [Vas et al., 1994] addressed the 
problem of defining the core boundary for back-lit yarn images, giving three 
possibilities. The first and obvious method was to allow a manual threshold to be set 
as a percentage of the maximum and minimum light levels of the light profile. The 
second was to standardise a threshold setting at 50 % of the minimum and maximum 
values of the core light profile. 
The third method was to choose the points of inflection in the core trough slopes. By 
points of inflection, I refer to the points of maximum absolute grey level gradient 
across the scan. In the imaging system from Hungary, a distinction is made between 
taking core diameters from individual scans and taking the diameter from the 
averaged light profile over a small length of the yarn. The details of this are vague 
however. The authors found that the threshold at 50% and the inflection points 
method in most cases gave similar results. A digital image processing method 
developed in this thesis, described later in this section, uses the inflection points from 
both the fibre, and core profiles, to produce width values. 
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An earlier approach to averaging the light profile over several scans to even out rapid 
surface fibre changes, leaving the core better defined, was achieved using 
photographic techniques [van Issum & Chamberlain, 1959]. A moving yarn was 
exposed for a sufficient length of time to blur out the surface fibres and produce a 
better defined core profile. The core boundary position was assumed to vary with a 
normal distribution, which is how the gradient in the core light profile was 
interpreted. One objection I fee~ is that the effect of surface fibres on the core edge 
position, and the core edge gradient itseU: did not seem to be taken into account in 
the probability model of the core distribution. 
Rodrigues, Silva and Morgado [1983] explain tbat the yarn image can be 
characterised by three separate functions in frequency space. The first function is 
due to the core and is described as a wire-like function with twist. The second is due 
to the diffusion of hairs near the core, and the third is due to the hairs themselves. 
Moreover, they explain that by using a special filtering mask with coherent dark-field 
imaging, it is possible to eliminate from the image those parts due to the core and the 
diffusion. Unfortunately I was unable to obtain the literature where this technique is 
described and tested further. However, the experiments in Section 5.5.3 bave similar 
imaging conditions and filtering to the work by these researchers. 
The statement that the core can be modelled similar to a wire with twist, I believe, is 
erroneous. Furthermore, the spectral images presented in the paper to illustrate this 
fact are inconclusive. My contention is that yarns are not solid bodies like wire, and 
hence upon twisting, the fibres twist around themselves initially, with little change in 
the core edge oscillations. Only after considerable twisting does the yam core begin 
to twist as if it were a solid body, in which case core edge oscillation becomes 
pronounced. An example of this is yarn sample 3, seen in Figure 5.2-4. The effects 
of twist is seen in the subtle side to side movements in the yarn, and appears 
continuously along the yarn. An example where yarn twist is applied, without visible 
core edge position oscillations, is shown below in Figure 5.2-5. 
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Figure 5.2-4 - Rotor spun col/on yarn (4.9 mm sample), Col/on count 8, 
Twist Multiplier 4.85. 
Figure 5.2-5 - Polyester-cotton ring spun yarn (2.4 mm sample), cot/on count 16, 
twist multiplier 4.2. 
A statement is made that the frequencies due to the core, those due to the surface 
diJfuse fibres, and those due to outlying fibres, are separable in frequency space. 
This is partly true, but also (I believe) partly erroneous, since hairs and the core 
occupy both high and low frequency regions of the spectrum (see Chapter 3, Figure 
3.2-3). After much work with yarn images and filtering, it is clear to me that dense 
diffuse areas appear as wider core sections in frequency terms, and hence cannot be 
distinguished in back-lit images regardless of any filtering method applied. 
It is true that the yarn hairs and core can be roughly separated in frequency space, 
which is the whole principle of dark-field imaging for yarns. Consequently Section 
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5.5.3 deals with dark-field imaging for coherent systems, and Section 5.5.4 deals 
with dark-field imaging for incoherent systems. The coherent dark-field technique is 
compared to hack-lit image digital filtering methods in Section 7.5. 
5.2.2 Arbitrary definition of the core diameter. 
In the absence of a simple definition of the core diameter, a few thoughts on the 
subject are mentioned here. 
When measuring the core diameter, the application for which the data is required 
should be used to determine which definition to use. The essential applications are 
those used for determining the strength of the yam, and those for aesthetics. 
For strength, the fibres which aid the structural strength of the yarn should be 
considered the core, and all those which exit this structure under no tension (if say 
tension was applied to the yarn) should be considered hairs. Twist also plays an 
important part in yarn tenacity, and affects the core fibre packing factor, or material 
density [Go swami, Martindale, Scardino pp. 1 18-124, 1977]. Other than in the 
methods shown in Chapter 8, twist is not normally measured along with yarn 
evenness or hairiness measurement. Consequently, there is always a limit to the 
effectiveness of measuring the structural properties of the yarn core through visual 
appearance. 
For aesthetics, the light blocking and dye absorption properties of the yarn must be 
taken into account. The yarn diameter would need to consider dense areas of hairs 
near the core, since these would also block light along with the core, as well as affect 
dye absorption. 
The link between dye absorption and hairiness is stated in previous literature 
[Barella, 1983]. Twist also plays an important part in variability in dye absorption. 
It is clear that the core definition depends upon the desired application of the yarn 
core evenness data. Generally speaking, it would be useful to be able to detect the 
core (as separate from the loose surface fibres), the density of the surface fibre 
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structure, and the fibres that exist further from the core, and use the data as required 
for the application. 
5.3 Equipment and methods used for the investigation. 
5.3.1 A rotating linear slide yarn mount 
In order to study the three-dimensional nature of the yarn for both manual 
microscopy, yarn testing and depth of field investigation, it was necessary to build a 
rotating linear slide yarn mount (see Figure 5.3-1). The device is capable of rotating 
the yarn about its axis for 360·, and restricting the yarn radial displacement to less 
than 0.5mm within one complete revolution. This is sufficient to maintain depth of 
field for hairiness and diameter studies, but there is some attenuation of yarn twist 
detail due to slight misfocus. At each end there are clamps which hold the yarn 
securely in place, the yarn being threaded through the device without having to be 
broken. This means that an indefinitely long yarn sample can be studied, by 
clamping a sample, traversing the slide, unclamping and pulling the yarn through to 
clamp the next yarn section. The slide is traversed through 25 cm using a 1 mm 
pitch screw thread (2). Each revolution of the traverse control (1) moves the slide 1 
mm axially. A specified tension can be applied by turning the slide end up, clamping 
the yarn at the top end, allowing an attached weight to tension the yarn, followed 
finally by clamping at the bottom end. 
135 
1 
Chapter 5 - Yarn illumination and digital image enhancement methods 
2 
Figure 5.3-1 - Rotating linear slide yarn mount. 
Figure 5.3-2 - Yarn clamping arrangement allowing continuous passage o/yarn 
through device. 
5.3.2 Yarn specimen clamp. 
In order to compare enhanced yarn images with the actual yarn, the yarn specimens 
were imaged at high magnifications using front-lighting for reference. However, it 
was important to keep the yarn samples in the same orientation, tension and 
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condition when were imaged conventionally under various conditions, and when the 
reference images were taken at high magnification. To achieve this, a yam clamp 
stage was made. It can hold 5 yam samples separated by 3 mm, each 17 mm long. 
Figure 5.3-3 - Yarn specimen clamp. 
5.3.3 The CCD camera. 
The camera used for these sample tests was a Pulnix 520 TMS area scan camera. Its 
pixel area is 752 by 582, with pixel width and height of 8.6 ~m and 8.3~. The 
output is analogue, and was fed into an ROB monitor for real time display of the 
results. The frame grabber had equivalent resolution (768 by 576 pixels per frame) , 
and the images were acquired directly by the Matlab software environment. 
5.3.4 Adjacent yarn sample joining 
The length of yam sample obtained within one frame of the CCD system was 4.1 
mm for a magnification of 1.2, and l.l mm for a magnification of 4.5. These lengths 
were considered too small to represent the yarns for the development of image 
processing techniques in this research. Consequently, multiple images of the yam 
samples were taken, each with a small overlap to its adjacent image (see Figure 
5.3-4). 
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A carefully developed program was made to take each sample and join it to the 
adjacent sample, saving the continuous image in a file format readable by the L YSS. 
The automatic procedure implemented flat field correction, and could work on all 
forms of image, whether dark-field, back-lit, front-lit, high or low magnification. 
The image alignment accuracy was typically less than 10 pixels in each axis, with a 
manual adjustment option to align images to almost single pixel accuracy. 
For the algorithm to work, the yarns needed to be horizontal across the field. This 
was achieved using an optical mounting stage, which could be slid horizontally, and 
could also hold the yarn specimen clamp. 
For the yarn specimen clamp at magnification 1.2, typically six images would form a 
complete sample. 
Part of the technique was to isolate hairiness and core edge detail for each sample. It 
was important to remove the core from the images, which would otherwise prevent 
the technique from working. The adjacent images were cross-correlated using the 
Fourier transform for speed, making use of the convolution theorem. The peak value 
in this correlation was obtained, and it enabled an offset to be applied to one of the 
images, for its subsequent alignment with the other. 
Figure 5.3-4 - Adjacent yarn sample images to be joined (axes given in pixels) 
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Figure 5.3-5 - Top: hairs on overlap on left hand image. Middle: hairs on overlap 
on right hand image. Bottom: cross-correlation showing alignment point. 
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Figure 5.3-6 - Joined image section. 
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5.4 Yarn specimens 
A set of yam specimens of different types, and spinning methods were obtained and 
clamped using the specimen clamp. 
Table 5.4-1 - Yarn specimens used in the illumination/image enhancement 
investigation. 
Sample Number Fibre Type Spinning Method Cotton Count Twist Multiplier 
1 65 Polyl 35 Cott rin!! spun 25/1 3.8 
2 65 Polvl 35 Cott rin!! spun 16/1 4.2 
3 100 % Cotton rotor spun 8/1 4.85 
4 65 Polyl 35 Cott rotor spun 15/1 3.8 
5 100 % Cotton rotor spun 20/1 Unknown 
6100 % Poly Air jet textured nla 
Not all images from these specimens can be shown in this chapter. Much of the 
work was carried out on specimen 3, due to its hairy nature especially in the form of 
'short-hair hairiness' which is defined as hairs which exist less than I mm from the 
core [Barella 1992]. 
5.5 Comparing illumination methods for yarn images. 
It is well-known in machine vision that the type and quality of illumination is a major 
part of the solution to provide an optimum imaging system. Frequently, as in this 
section, it is possible to use the illumination to do some of the tasks normally given 
to digital image processing. 
It is the intention of the following section to illustrate various methods of 
illumination, as well as display yam samples imaged using each method. The quality 
of the images is discussed in terms of contrast, resolution, and background noise, and 
the overall practicality of the illumination type is concluded. 
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5.5.1 Back-lit coherent illumination. 
For this configuration, the apparatus was set up as shown in Figure 5.5-1. 
5 micron pinhole 
160mm doublets collimating lens 1 20 X bea d ~ \ mexpan er ~~ ~ ~ ~ 10/ ~ ~c:::::J 
Yam samples / 10 mW HeNe Laser 
polariser 
80 mm I: I macro lens 
Figure 5.5-1 - Apparatus used/or back-lit coherent illumination. 
The light source was a polarised 10 mW HeNe Laser. The laser beam was first 
passed through an adjustable angle polariser plate, in order to manually adjust the 
light intensity. This light attenuation was necessary due to the strength of laser light 
relative to the CCD light sensitivity, and the range of experiments for which the laser 
was to be used. The heam was then expanded through a 20 X microscope objective, 
with a 5 micron pin-hole to spatially filter the light source. A very even and 'clean' 
illumination field was obtained for the experiments, which was found indispensable 
when eliminating background illumination noise. 
The beam was then collimated by a 160 mm focal length lens, passed over the yam, 
and then passed into a '4f optical system using 160mm doublet lenses. This was 
because the 4f system was used for spatial filtering in later experiments. In order to 
keep the experimental set-up as alike as possible between experiments, the same 
optical arrangement was used for the back-lit experiments, but without the spatial 
filter. 
The aperture of the camera was set so that the optical frequency cut-off was at 4/5ths 
of the digital Nyquist frequency of the imaging system. 
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5.4 Yarn specimens 
A set of yarn specimens of different types, and spinning methods were obtained and 
clamped using the specimen clamp. 
Table 5.4-1 - Yarn specimens used in the illumination/image enhancement 
investigation. 
'nu,,,uv' /Fibre Type IV~""""" I Count /Twist i 
"vi 35 Cott ling spun 
" 
"vi 35 Cott lin!! spun 1/1 
, Cotton ro or spun 4. 
1165 , 35 Cott ro or spun .15/1 
5 101 Cotton ro or spun ,20/1 
6 101 Poly lAir jet nla 
I 
Not all images from these specimens can be shown in this chapter. Much of the 
work was carried out on specimen 3, due to its hairy nature especially in the form of 
'short-hair hairiness' which is defined as hairs which exist less than I mm from the 
core [Barella 1992]. 
5.5 Comparing illumination methods for yarn images. 
It is well-known in machine vision that the type and quality of illumination is a major 
part of the solution to provide an optimum imaging system. Frequently, as in this 
section, it is possible to use the illumination to do some of the tasks normally given 
to digital image processing. 
It is the intention of the following section to illustrate various methods of 
illumination, as well as display yarn samples imaged using each method. The quality 
of the images is discussed in terms of contrast, resolution, and background noise, and 
the overall practicality of the illumination type is concluded. 
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Examples of an image from this experiment is shown in Figure 5.5-2 (sample 3). 
From the yarn image, the good contrast and resolution is clear. The disadvantages 
are clear in the background systematic noise. The bottom part of Figure 5.5-2 shows 
a flat field corrected version, and a longer sample length (the upper image 
corresponds to the right hand side of the lower image). 
Figure 5.5-2 - Coherently back-lit yarn images. Top: Yarn 3 with no flat field 
correction. Bottom: Yarn 3, flatfield corrected. 
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In order to remove the systematic background noise as far as possible, three images 
of the illumination background (with the yam removed from the view) were taken, 
averaged, and inverted for flat field correction (Section 5.6.3). The resulting 
attenuated noise, however, is still slightly noticeable in the image. The most 
apparent form of noise is due to the interference fringes from front and back 
reflections of the lens elements. This causes circular rings in the background which 
extend throughout the whole field. The lenses used were anti-reflection coated. 
Essentially, although excellent for contrast and resolution, coherent illumination 
suffers from the effects of constructive / destructive interference noise which can be 
difficult to eliminate. This can be in the form of interference fringes, stray 
reflections and speckle. These problems were noticed during the coherent 
illumination tests. 
5.5.2 Back-lit incoherent, field lens illumination. 
The apparatus for this test is shown in Figure 5.5-3. The principle of this form of 
field lens illumination is to use a field lens to focus the source onto the aperture of 
the objective lens. The result is to produce a very even illumination intensity across 
the image, as well as greatly improving the amount of light entering the optical 
system. 
Yarn samples field lens 
\/ 
'(0 :;~~ 
CCD 
halogen tungsten filament bulb 
80 mm I: I macro lens 
Figure 5.5-3 -Apparatus/or incoherentjield lens illumination. 
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This illumination is similat to the well-known Kohler illumination where the field 
lens focuses the light onto the front focal plane of the objective lens [Spencer, 1982, 
pp. 4-6]. This causes each point on the image of the source to form an evenly 
distributed collimated light wavefront at some angle to the axis across the image 
plane. However, in setting-up tests, use of Kohler illumination did not provide the 
Satne lighting efficiency as the aforementioned arrangement. 
In the eatlier part of this reseatch, a field lens was not used for the L YSS. The 
illumination tended to be uneven when using a tungsten filament bulb, which 
deteriorated the yatn image. A diffuser such as ground glass was used to correct the 
unevenness, but this attenuated the source power considerably. During the L YSS 
development, the field lens technique was found to provide sufficient light intensity 
for scan rates of 10 kHz, when using a 25 watt halogen bulb, at F numbers up to 16. 
For high scan rate CCD line-scanning, the field lens illumination technique has 
proved to be invaluable. The images from this method ate shown in Figure 5.5-4 Ca 
and b). 
Figure 5.5-4a - Yarn 3 image, using incoherent field lens illumination &jlatfield 
correction. 
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Figure 5.5-4b - Yarn 3 image taken extending aperture such that optical cut-off is 
higher than the Nyquist frequency. 
The images have been flat field corrected. The improvement in the illumination 
evenness is clear. However, the contrast and resolution do not appear as clear as for 
the coherent illumination case. The reason for this is the triangular shape of the OTF 
(see Figure 3.3-1, p. 35), causing significant attenuation of frequencies before the 
Nyquist point. Consequently it is necessary to open the aperture of the objective lens 
as much as possible, although this allows some aliasing and also reduces depth of 
field for unguided yarns with no misfocus correction. 
Overall, in my opmlOn, the evenness of background illumination, ease of 
construction, and insensitivity to noise make this method preferable to coherent 
imaging. In further work however, it would be useful to develop a carefully 
engineered system which could utilise the benefits of coherent back-lit imaging, and 
remove sources of optical noise. 
5.5.3 Coherent illumination spatial filtering. 
Coherent illumination has a major advantage for real time image spatial filtering. It 
is commonly known that it is possible to spatially filter an image in both phase and 
amplitude when back-lit by coherent illumination, sometimes referred to in textile 
literature as 'structured light'. 
145 
Chapter 5 - Yarn illumination and digital image enhancemeot methods 
A major problem with the finite resolution of the imaging system for the CCD, as 
discussed earlier in Section 5.2, is the diffusion of hairs near the core. To achieve the 
separation of hairs and core, filtering of amplitude is used in the Uster Tester 3 
hairiness attachment [Zeltner 1984], which is reviewed in more detail in Appendix E. 
The Centre de Recherche Textiles de Mulhouse (CRTM) conducted a series of 
experiments using co\lirnated laser light to illuminate a yarn [sited in Barella 1993]. 
They found that the yarn can be modelled in terms of a dense core which absorbs the 
laser light, and a superficial surface structure of hairs which diffract, reflect and 
refract the light. This superficial hair structure known as the perturbation function 
are those hairs which lie loosely along the yarn as well as the hairs which actually 
protrude from the yarn core. By performing optical spatial filtering in the Fourier 
plane (placing a very small stop at the centre of the Fourier plane, at the focal length 
from the lens), the zero and very low frequency components of the light - mostly 
from the core - are blocked. The remaining higher spatial frequencies of the hairs 
and core edges form an image in the image plane. Therefore, in the image, the yarn 
now has a black core, surrounded by illuminated hairs. This is known as the dark-
field image. 
In the Uster Tester 3, the total amount of light in the dark-field image is taken as the 
total hairiness. This is achieved by using a single photo-sensor. The resulting 
measurement is given as index H, which is described as 'the total accumulated length 
of hairs within 1 cm of yarn' [Zeltner 1984]. 
The most important principle to realise when spatially filtering images is that from 
the convolution theorem the image is convolved with the inverse Fourier transform 
of the filter pattern [Goodman, 1996, pp. 396-397]. It is shown in this section that 
the PSF side lobe effects of the filtering masks normally used in yarn filtering 
contribute significantly to the deterioration in the image hairiness detail. 
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Apparatus, and experimental procedure. 
In order to investigate the potential advantages of this method in yarn imaging, the 
apparatus shown in Figure 5.5-5 and Figure 5.5-6 were set up. 
CCD 
Figure 5.5-5 - Optical apparatus/or coherent imaging I spatialfiltering. 
shroud 
\ spatial filter I ~O 
l60mm doublets 
collimating lens 
1 :/ 
yam \ 
5 III p~~~ beam expander iCs/ ~;irror 
= 
adjustable / ">', 
pnlariser ~ iris 
Figure 5.5-6 - '4/, system set-up shown in Figure 5.5-5 
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Figure 5.5-7 - Arrangement of spatially filtered light source configuration 
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Figure 5.5-8 - A"angement used for high magnification coherent illumination tests. 
The spatial filtering was based upon the '4f filtering method [Goodman, 1996, pp. 
102-103]. This avoids quadratic phase factors occurring at the filtering plane. In 
order to attenuate the laser beam so that its intensity was suitable for the CCD 
camera, an angle adjustable polariser was inserted into the source path. The laser 
itself is polarised, and thus by altering the angle of the polariser the required intensity 
is obtained. 
The relationship between spatial frequency R of the image, the filter plane radial co-
ordinate u, and the focal length f is : 
u=RA[ 
Equation 5.5-1 
There are well-known practical problems associated with optical spatial filtering. 
The first of these is the positioning of the filter exactly in the correct position in the 
filtering plane. The second is producing a mask that correctly represents the required 
filter in amplitude and phase. For example, a real mask that has zero values of 
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transmittance (such as those used in the following tests), is very difficult to make in 
practice as some ofthe light comes through the opaque areas. For dark-field masks, 
this causes some degree of phase-contrast effects. 
It is possible to simulate the effects of filtering using high resolution images and an 
effective software environment for digital Fourier Transformation such as 'Matlab'. 
However, this was decided against, since it would be very complex to simulate the 
actual yam image. The yam object has quadratic phase components on its fibres due 
to their position relative to the object plane (misfocus). Furthermore, the non-opacity 
of the fibres also contributes phase components. The capturing of a yam image 
would of course lose these phase components as images can only be seen in intensity. 
In order to investigate the practical uses and disadvantages of spatial filtering, a 
series of spatial filter masks were made. These were first designed on a computer, 
then developed onto high quality black and white slides. Initially colour slides were 
made due to the improved opacity of the black areas. However, these appeared to 
produce distortions in the image, probably due to varying thickness or refractive 
index across the slide causing phase distortions. 
The first set of masks consisted of spots of varying diameters (0.5 mm to 2 mm). 
These were placed in the spatial filtering plane. In order to position the spots 
correctly, they were first inserted into the plane manually so that the spot appeared to 
be in the correct position. The fine adjustments controls of the mirror angle were 
then used to adjust the beam position. The centring of the beam on the spot could be 
judged quite effectively from the size of ringing appearing in the image - the 
smallest pitch of ringing corresponding to the most central position of the spot. 
It was possible to judge if the spot was not in the correct axial position, using a 
known technique which involves moving the spot radially. If the image appeared to 
have a large spot-like image moving across it as the spot moved, then the axial 
position was incorrect. If moving the spot radially caused the whole field 
background intensity to change, then the axial position was correct. 
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The smallest spots were difficult to see with the naked eye, and required locating 
lines in the mask placed at sufficient distances from the centre to have negligible 
effects in terms of spatial filtering. 
The spot sizes used for the experiments, and their corresponding cut-off spatial 
frequencies, are shown in Table 3.11-1. Also shown are the equivalent diameters of 
yarn cores, which would have their first principle maxima at the cut-off frequencies 
of the spot filters. This gives some idea of the strengths of the filters relative to the 
yarn images. 
Table 5.5-1 - Spot sizes, and their correspondingJrequency cut-offsJor the 
experiments. 
Filter spot Object cut off 
fmm frequency (lp/mm) 
0.1 0.92 
0.2 1.84 
0.4 3.68 
0.6 5.51 
1 9.19 
1.5 13.79 
2 18.38 
Analysis ofspatially filtered yarn images, and further tests. 
Figure 5.5-9 - Spatially filtered images oJyarn 4 
a - slop size 0.1 mm 
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b - slop size O.2mm 
c - slop size O.4mm 
d - stop size 0.6 mm 
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e - stop size 1 mm 
f - stop size 1 mm (second image for consistency with other images in this chapter) 
g - stop size 1.5mm 
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h - SlOp size 2mm 
Using these real binary filters, we can see from the images that the yarn core is 
removed effectively. For the smaller high pass filters (lower corner-frequency), the 
ringing from the convolution (with the spot PSFs) causes the edge of the core to be 
significantly brightened, so that surface hairs are saturated in light, reducing their 
contrast to tbe background. Furthermore, this brightening adds a light energy to the 
overall scattering of light which has nothing to do with hairiness. The advantage of 
using these lower frequency high pass filters is that the frequency information which 
defines the high frequency definition of the hairs is preserved. This can be seen in 
the image for the I mm spot size (Figure 5.5-9 e and f), relative to that using a 2 mm 
spot size filter (Figure 5.5-9 h). By using larger frequency high pass filters, we can 
see that the core edges are no longer surrounded by excessive ringing, but the hair 
definition is compromised. 
Hairs which have some degree of misfocus, have a double image which is separated 
from the hair by a distance proportional to the degree of misfocus. The double image 
is due to the combined effect of the misfocussed PSF (low pass) with the spot filter 
(high pass). The use of guide plates would reduce this effect, since they reduce the 
effect of misfocus. 
Essentially, by using coherent spatial filtering it is not possible to cause the hairs to 
illuminate in a similar manner of definition as when the yarn is back-lit. This is 
because the hairs and core occupy a common region in the frequency spectrum (see 
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Figure 3.2-3, p.33). By removing the core frequencies, the subsequent convolution 
of the image with the PSF from the spot filter causes the hair detail to become more 
cluttered than in the back-lit image. This applies to all practically realisable filter 
sizes. 
In order to preserve hair freq uencies whilst selectively filtering out the higher 
horizontal frequencies that caused ringing around the core, a series of filters were 
made with extended vertical lines imposed upon relatively small spot sizes. These 
line filters were positioned along the vertical axis to remove the horizontal transverse 
frequencies (those which compose the core). 
~ 
w 
Figure 5.5-10 - Geometry of modified line filter transparencies. 
A series of different combinations of these parameters were chosen, one of the better 
ones of which is shown in Figure 5.5-11. 
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Figure 5.5-11 - Filter modification 1 - w=O.5mm , /=15 mm, c= O.6mm. 
From these images, we can see desirable improvements, in that the core does not 
have as much ringing surrounding it, saturating the surrounding hairs. We can see 
that the light energy coming from the core is less than without the line filtering. The 
hairs are better defined than for filters with spots big enough to prevent core ringing. 
However, the hair definition is still not as good as the back-lit case. Hairs which lie 
length-wise are predictably attenuated, which is undesirable, since an 'overall' 
measure of the scattered light would be influenced by the orientation of the hairs. 
However, this modification is beneficia~ and it would be interesting to further 
improve upon its design using a grey scale filter transparency of the same form, with 
less steep cut-offs in the filter profile. 
As already mentioned, digital simulations of yarn filtering have significant 
shortcomings because of the difficulty of modelling complex wavefronts due to fibre 
transparency and misfocus. However, filtering simulations in Matlab were carried 
out on yarn images that were purely real (taken from grey level images). The filters 
used had Gaussian profiles rather than binary, and showed less ringing, as would be 
expected. However, the same fundamental problem of compromised definition of 
the fibres was seen. 
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Discussion. 
When we consider the effectiveness of this technique, we have to VIew it from 
several angles. 
For measuring 'overall' hairiness, such as in the Uster Tester 3, we are not concerned 
with the definition of individual hairs, but with a quantity which represents the total 
quantity of hair material within a sample region of yarn. This quantity should not 
involve the core-width. Consequently, this method is ideal for this specification, 
which is the reason for the repeatability, and wide approval of the Uster Tester 3 
instrument. 
There is a greater distinction between surface fibres and the core using dark-field 
imaging than using normal back-lit methods, which is the reason for its inclusion 
within the new Uster Tester 4 for diameter measurement. 
From the point of view of detailed hairiness measurements, we need to be able to 
separate the core from the hairs, and hairs from each other. Alternatively, a quantity 
needs to be measured, from the cluttered hairiness detail of diffracted light (such as 
that shown in Figure 5.5-9), which correlates to the desired hairiness information. It 
is for further work to investigate the relationship between the light energy levels 
along the yarn at specific distances from the core, and the yarn intersections on (for 
example) a back-lit image. These tests could be carried out on the samples taken 
from the tests reported in this chapter, or on longer lengths using the rotating linear 
slide mount. 
5.5.4 Incoherent dark-field imaging. 
The coherently illuminated dark-field image above (Figure 5.5-11) was shown to 
separate the core from the hairs very weU indeed, but suffered from lack of definition 
for closely spaced fibres. Furthermore, the use of coherent illumination, especially in 
a dark-field configuration, is extremely sensitive to noise. These two disadvantages 
are not present to the same extent with incoherent dark-field imaging. This is 
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achieved by illuminating the yam from an angle whereby the light source does not 
enter the objective lens field of view, but illuminates the yam from behind. This is 
achieved by putting the source at an angle to the optical axis as shown in Figure 
5.5-12. One result (for yam 3) is shown in Figure 5.5-13. 
The source used is a fluorescent ring tube. This is ideal, since it produces light 
coming from a wide range of angles behind the yam. When a tungsten filament bulb 
was used at various angles behind the yarn, the fibres did not diffuse the light evenly 
in the camera's direction (Figure 5.5-14). 
Figure 5.5-12 - Apparatus to obtain incoherent dark-field yarn images. 
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Figure 5.5-13 - Image o/yarn 3, using afluorescent ring tube. 
Figure 5.5-14 - Image using a tungstenjilament bulb as the light source. 
The fibres appear brighter than the background because light is being reflected, and 
diffused by tbe fibres, in all directions as well as into tbe camera lens. The core is 
made opaque relative to tbe hairs, since tbe core is thick enough to absorb most of 
the light. Owing to the use of incoherent illumination, there is no ringing effect, 
since we are not spatially filtering the image. (High pass spatial filtering is 
tbeoretically and practically impossible with incoherent illumination as its OTF is the 
auto-correlation of the CTF equivalent - tbe zero frequency is mathematically always 
tbe highest point regardless of the system CTF). Consequently, there is no loss of 
definition of tbe fibres. There is also no image noise associated with coherent 
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illumination. The contrast of the fibres to the background can be made equivalent to 
the normal incoherent front-lighting methods without undue lighting power 
requirements, which preserves the signal to noise ratio of these parts of the image. 
A very interesting and potentially useful effect was found by adjusting the light 
source angle so that the light is closer to the yarn. This causes the angle between the 
incoming light rays reaching the yarn and the optical axis of the camera to be more at 
right angles (Figure 5.5-15). 
_m. _______ := .. ~~ --- tJ------.. ---
/ 
camera 
Fluorescent ring 
Figure 5.5-15 - Moving the light closer to the yarn, illuminating surface hairs. 
Consequently, it is possible to deflect or diffuse more light off the core surface fibres 
in the object plane of the yarn (Figure 5.5-16, Figure 5.5-17). 
Figure 5.5-16 -Increasing the angle of light source to the optical axis - yarn 3. 
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Figure 5.5-17 - Use of wide angled dark-field illumination on yarn sample 2, 
showing twist detail. 
The lighting of front surface fibres enables some degree of surface fibre orientation 
detection, but reduces the contrast between the surface fibres and the yarn core. This 
principle could enables twist analysis. The method does suffer slightly from loss of 
hairiness definition, hut not as much as with coherent dark-field imaging. It also 
does not possess noise or speckle. 
Incoherent dark-field imaging is perhaps the most promising of all these illumination 
techniques. 
5.5.5 Front·lit illumination. 
Front-lit illumination is only practically useful when using incoherent light, since the 
reflected speckle effects from coherent illumination deteriorate the yarn image 
considerably. This was observed during preliminary experiments fo r the work in this 
chapter. 
In order to illuminate the yarn evenly, the fluorescent ring tube was placed just 
behind the ohjective lens, close to the yarn (Figure 5.5-18). This gave an even 
distribution of illumination angles. 
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Figure 5.5-18 - Front-lit illumination for yarn 2 (ring spun yarn) 
Figure 5.5-19 - Front-lit illumination for yarn 3 (rotor spun yarn). 
In order to measure the twist angle of surface fibres it is necessary to use either front-
lit or right-angled dark-field incoherent illumination (explained in Section 5.5.4). Of 
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these two, the best fibre detail is given by front-lit illumination, as can be seen in 
Figure 5.5-18 and Figure 5.5-19, where the surface fibre twist definition is clear. 
Since the light efficiency of this method is fur smaller than in back-lit methods, it 
only serves a purpose for twist definition at high magnifications at present. 
However, intuitive inspection of front-lit images enables the core to be distinguished 
from the surface hairs. It would be useful for further work to develop an algorithm 
working on unity aspect ratio yarn images, which could identifY these boundaries 
quantitatively. These results could be compared against other illumination 
techniques and digital image processing methods. If successful, then the 
measurement of yarn mass evenness would become more accurate. The 
simultaneous measurement of twist would yield more extensive and accurate 
information on the yarn's mass, density, strength, and evenness, as well as yarn 
abrasive properties. 
5.5.6 Illumination hybrids. 
It is of course possible to combine the good contrast features of coherent back-lit 
imaging with the high surface fibre definition of front-lit illumination. The noise 
problems associated with coherent illumination, however, would still be present. An 
example using incoherent front and back lighting is shown in Figure 5.5-20. This 
method is also used in the yarn imaging research from Hungary [Vas et al., 1994]. 
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Figure 5.5-20 -lncoherentfield lens back-lighting, and incoherent/rontlighting on 
yarn 2 
5.5.7 Effect of illumination on yarn guide plates. 
The considerable optical advantages of using guide plates are calculated and shown 
in Chapter 4. The advantage of guide plates in providing more accurate hair-lengths, 
as well as removing hair vibrations and hair rotation, are explained in Chapter 7. In 
this section, the effects of coherent dark-field illumination on the guide plates 
method are discussed. The two guide plates used in this experiment were 1.5 mm 
thick microscope slides, with the plates separated by 0.5 mm. Figure 5.5-21 shows 
the image with coherent dark-field illumination. 
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Figure 5.5-21 - Coherent dark-field image using guide p lates. 
We can clearly see narrow fringes in the dark-field. These are caused by front and 
back reflections within and between the plates. It would be important when using 
this method to coat the plates in anti-reflection coating. Although this does not 
completely remove the fringes as shown in the coherent back-lit tests, it would lessen 
the effect. It was clear from other tests that the use of the guide plate method does 
not hinder the other types of illumination. 
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5.6 Digital image processing methods for back-lit yarn images. 
In the following section a series of digital image processing methods are shown that 
have been implemented in the L YSS. The essential aim of these methods is to 
separate the yam core from its surrounding hairs, as well as to prevent the hairs from 
appearing as a continuous opaque mass, indistinguishable from the core. Initially a 
series of aspect ratio classes are defined, since the different processing techniques are 
not applicable to all yam image aspect ratios. These ratios vary according to the yam 
imaging application, and processing hardware. Flat field correction and run-length 
encoding are established image processing techniques to reduce systematic noise and 
data size respectively. They are summarised here, with reference to their benefits to 
yam imaging. Following on from this are a series of methods which essentially high 
pass filter yam image data when using back-lit illumination. These include 
conventional convolution, a hybrid between thresholding and convolution, a 
combined run-length encoded and digital differentiation method. 
5.6.1 Classifying yarn aspect ratios. 
When developing the filters in this section, it became clear that the type of filter and 
digital image process would depend on the yam aspect ratio. These ratios are 
dependent upon the yam speed and processing power of the imaging system. For 
simplicity, three have been defined and shown on actual yam images below, which 
are relevant to the L YSS system. 
The first class involves a unity aspect ratio. For the current L YSS system set-up 
measuring yam hairiness, this would mean speeds of less than 2 cmls, (magnification 
of 1, Clock frequency 2 MHz). Due to the low speed and very large data storage 
requirements for long lengths of yarn, this aspect ratio is only used at present for 
front-lit high-magnification purposes measuring yam twist. 
The second ratio class was similar to that used for the yam tests in Chapters 6, 7 and 
8, and is much more convenient for a system with the hardware processing 
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capabilities of the L YSS. Although there is loss of hairiness detail due to reduced 
length-wise resolution, it is still possible to view most hairs individually (for staple 
fibre yarns) even near the core. The filtering methods given in this section mainly 
refers to this ratio class. 
The third ratio class is specifically for high speed yarn inspection. Figure 5.6-3 
shows how the core is better contrasted from its surrounding hairs in terms of grey 
levels than other aspect ratios. This is because the core trough is averaged over 
around 0.5 mm per scan-line, but exists more constantly throughout this 0.5mm than 
the hairs which surround the core. Consequently the core appears much darker 
relative to the hairs than when using aspect ratios closer to unity. 
This is a feature utilised in preVIous literature, which invo lved exposmg a 
photographic film to a travelling yarn [lssum & Chamberlain, 1959], and is reviewed 
in section 5.2.1 . 
The foUowing images are of the same yarn (16/1 ring spun), with (b) and (c) of the 
same sample. 
Figure 5.6-1 - Aspect ratio class 1. - 1: 1 
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Figure 5.6-2 - Aspect ratio class 2 - 1:10 
Figure 5.6-3 - Aspect ratio class 3 - 1:50 
5.6.2 Considerations for line filtering at different yarn speeds. 
For most yarn applications, it is clear that there would be advantages if the yarn 
image could be processed one line at a time, rather than requiring information from 
adjacent lines. This is because a two-dimensional convolution process normally 
requires a large number of digital operations to implement in practice. Hardware 
convolvers are also expensive. Furthermore, although ideal, it is practically 
unfeasible at present to obtain equivalent high resolution in both transverse and 
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length-wise directions for high speed processing. This is shown quantitatively In 
Section 3.11.4. 
When line filtering, it is important to realise that there is no longer a strict separation 
of low frequency components belonging to the core, and higher frequencies due to 
the fibres. This is because a fibre can lie in part along a single scanned line, causing 
a line profile which can be as wide as or wider than the core. This is shown in Figure 
5.6-4 below for an image taken with an aspect ratio of 4. 
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Figure 5.6-4 - Top - line profile of a fibre lying along the scanned line, Bottom -
yarn image showing transverse lying fibre. 
Fibres which lie in this way usually have shallow depressions in the line light profile. 
This may be because the fibre is not imaged centrally onto the line, or because of the 
fibre transparency, or blurring due to yarn travel. Consequently, there are no large 
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gradient changes at the fibre edges in the line, making it difficult for high pass filters 
to detect them. 
Originally, line filtering was employed exclusively on the L YSS, due to the need to 
reduce processing time. Consequently a specialised algorithm wruch uses run-length 
encoded differentiated line profile data has been developed, and is shown in 
appendix C. 
However, for aspect ratios class 1 & 2, it would not be appropriate to use line 
filtering. This is because the frequencies wruch construct the fibre definitions, do not 
lie only in the transverse axis. Fibres generally can have the full range of orientation 
angles. The best filter to edge enhance a fibre of general orientation therefore, is a 
circularly symmetrical two dimensional convolution kernel. Furthermore, the correct 
edge enhancement of fibres will improve the core / hair boundaries. The 
development of suitable two dimensional kernels is given in section 5.6.5. 
The use of two dimensional filtering is an important step forward from published 
research on transverse hairiness instruments such as the ITQT [Barella et al. 1980]. 
Since image processing is not employed within these instruments, only line filtering 
is used, and even then barely specified. 
5.6.3 Flat field correction 
The technique of flat field correction is common to many mac rune vision 
applications. It involves taking an image of the background of the field of vision, 
without any object in the field . This background is assumed to be the same when the 
object is being imaged during the execution of the application. A calibration image 
is calculated where each pixel is the reciprocal of its corresponding pixel in the 
background. Once this calibration image is multiplied onto the run-time images, the 
systematic background noise is cancelled. 
Figure 5.6-5 shows a line scan profile with no flat-field correction. Figure 5.6-6 
shows the same profile with correction. Flat field correction is implemented in the 
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L YSS, and was found to be very important during all forms of yarn imaging 
application. Misfocus and fibre transparency, as well as reduced length-wise 
resolution, cause the contrast between the yarn hairs and the background to be low. 
Therefore, there is a need to maximise the signal to noise ratio. By reducing the 
systematic noise, flat field correction increases the signal to noise ratio considerably, 
without which several digital image processes would not be practical. This is most 
appropriate to detecting yarn hairiness. 
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Figure 5.6-5 - Yarn image line-scan profile with no flat-field co"ection. 
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Figure 5.6-6 - Yarn image line-scan profile with flat-jield correction. 
5.6.4 Run-length encoding 
In the early part of this research, much work was done with run-length encoded yarn 
data obtained from the OVBI0 interface board (see Appendix D). The advantages of 
this form of image representation for yarns is obvious, in that it considerably reduced 
the size of the data required to hold the relevant yarn information. 
Run-length encoding in this context is where a binary image is represented by its 
edges and their type of transition - black to white or white to black. 
Consider a yarn image of two yarn views, taken using a 2048 pixe! CCD camera. 
For an 8 bit image acquisition system, the data requirement per line for a grey level 
yarn image is 2 KB. After binary processing, via either thresholding or some form of 
filtering, the data requirement for the binary yarn image is 2048/8 = 256 bytes. The 
run-length encoding system is particularly suitable for holding binary yarn data, 
since most of the detail is he!d in concentrated areas. The rest of the image consists 
of large unchanging areas where there are no hairs. A typical ring spun yarn image 
would have between 4 and 18 edges per line (taken from the non-integrated V index 
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detennined experimentally for a range of yarns in Chapter 8). There are two edges 
per core, plus up to around 8 hairs intersecting the line, giving the 18 edges. 
Depending on the yarn hairiness, the average number of hair intersections per line 
would vary considerably. However, from the tests in Chapter 7 on a single view, 
there were typically 6 hairs per line, which is the figure taken for this illustration. 
In the form of run-length encoding used in the L YSS, each transition from black to 
white or vice versa is held as an 11 bit (2 11 = 2048) 'edge'. Each line would require 
on average 1\ x (6 x 2 + 2 x 2) = 176 bits = 22 bytes: a data reduction of 89.3 % 
from the original binary image. The reduction from the unprocessed 8 bit grey level 
image is 98.7 %. 
The advantage of reduced data size means reduced processmg requirements, 
provided the encoding method is straightforward to de-code. Edge run-length 
encoding is ideal for yarn processing, since the position of the edge is held in its 
encoding, but is also useful for many yarn parameter calculations. Essentially there 
is no decoding process required. 
All of the digital image processing techniques for back-lit yarn images described in 
the chapter use run-length encoding. The general form of processing is that first the 
raw grey level data is processed, either electronically, digitally, optically, or with a 
combination of these. A threshold is then applied to the enhanced image, with the 
resulting binary output run-length encoded. 
5.6.5 Convolution high pass filtering, aspect ratio classes 1 &2. 
Many types of filter such as those by Roberts, Sobe!, and Laplacian [pratt, 1991, pp. 
498-525] can be applied to yarn images and have been qualitatively studied though 
image processing environments such as 'Matlab' and 'Image Pro' in my research. 
Essentially the correct filter is one which is able to edge-enhance and separate those 
hairs near the core, as well as allowing the detection of hairs lying along the scan-
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line (low frequencies). The high pass filtering should not cause noise in the image to 
become problematic. 
The type of filter chosen for the L YSS, was used successfully in previous yam image 
enhancement research when determining twist from front-lit high magnification 
images [Vas et aI., 1994]. However, the form of the filter is carefully adapted to 
back-lit yam image processing. 
The kernel function is defined as follows: 
r(' ')=I_bi2+ / (_i2 + j2) I,j 2 exp 2 
0" 20" 
N< . . N --_I,j~-
2 2 
Equation 5.6-1 
where N x N is the dimension of the kernel, i and j are the kernel indices. 
er is a value which approximately determines the half-width distance of the function. 
(thresholded width at halfrnaximurn amplitude of the kernel- see below). 
b is a constant which controls the bias or mean of the function. I made a simple 
computer program which found b for a given filter size and er, such that a desired 
filter bias was obtained. 
To explain the meaning of er, the following profile is given of the ID form of the 
filter (25 X I). By setting er to 10, the half width of the function is around 13. 
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10 laplacian kernel, b=2.S7, half width sigma=10 
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Figure 5.6-7 - Function/orm o/the Lapiacianjiiter showing half -width dejinition. 
The principle in using such a filter, is that by setting the half width to the average 
fibre diameter, the fibre will be enhanced, but all other features, such as core 
frequencies, will be filtered out. 
The parameter b, although not used by Vas for his publication on twist 
determination, is found here to be a vital parameter for back-lit yarn filtering. 
For a given value of cr, determined by magnification and fibre diameter, b is used to 
bring the total sum of the kernel to zero. However, in this mode the filter acts, as 
expected, in a second order high-pass fonn, with the core completely removed, 
surrounded by positive and negative grey level transitions corresponding to the 
fibres. By allowing b to have a value that gives the kernel a slightly positive sum, it 
is possible to combine edge detection and thresholding, to obtain a binary image that 
is highly representative of the original. 
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Figure 5.6-8 - The effect of 2D filtering, top - un filtered line profile, bottom - using 
filter with sum of kernel b = 0.17 
As the value of b is changed such that the kernel sum approaches zero, the core and 
back-ground grey-levels in the filtered image both approach zero. The fibres on the 
edge of the core, as well as those further away from the core, cause grey level 
transitions which vary between the core, and the background illumination levels. If 
the offset is quite large, then the separation of the core and background illumination 
levels widens. In this case, the fibres may no longer have the same grey level ranges 
(in the same way as the unfiltered profile - see Figure 5.2-1 and Figure 5.2-2 p.l29). 
The offset can be considered as a mixing valve for combining the unfiltered image, 
and the edge enhanced image. At zero, only the edge enhanced image is enabled. At 
infinity, only the unfiltered image is enabled. 
In practice, the offset is set as small as possible, without noise frequencies from the 
illumination, or the non-linear phase disturbances from the L YSS CCD being able to 
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reach the threshold. The threshold is typically set two thirds upwards between the 
core and filtered back-ground illumination grey levels. This bias toward the top is to 
enable fibres that have less contrast, and are further from the core (such as 
misfocussed fibres) to be detected. 
A convolution kernel shown below, was developed for the sample images in this 
chapter. Using a magnification of 1.2, and assuming the average fibre width for 
cotton is 15 f.lm (given as a range of 11-22 f.lm in Goswami, Martindale & Scardino, 
1977 p.26), the value for (j is set at 2. (15 f.lm X 1.2 /8.6 f.lm pixel width = 2.09). 
To obtain the correct offset, the sum of the kernel is set at 0.45 (found by trial and 
error of suitable filtered profiles along yarn), requiring a b value of 1.87. b is found 
by numerical solving the condition for the sum of kernel elements being equal to 
required bias. 
The kernel is shown below. 
-0.3759 -0.2512 -0.1342 -0.2512 -0.3759 
-0.2512 0.2718 0.5874 0.2718 -0.2512 
-0.1342 0.5874 1.0000 0.5874 -0.1342 
-0.2512 0.2718 0.5874 0.2718 -0.2512 
-0.3759 -0.2512 -0.1342 -0.2512 -0.3759 
The two dimensional transfer function is shown in Figure 5.6-9. The cross section of 
this function is shown in Figure 5.6-10, along with the spectrum of an ideal 
(completely opaque) yarn core profile 0.2mm in diameter, and an ideal fibre 15 f.lm 
in diameter. It can be seen that the filter removes the major core frequency 
components, allowing the fibre frequencies to dominate the processed image. The 
offset can be seen at the zero frequency. 
An image processed by this filter is shown in Figure 5.6-11. This image was taken 
from a coherent back-lit image of sample 3. It can be seen, that although there is 
some noise interference from misfocus ringing around the edge of some fibres, the 
177 
Chapter 5 - Yam illumination and digital image enhancement methods 
image is excellently represented in this binary image. The core is not unduly widened 
by dense surface fibre arrangements. The fibres are realistically thick in diameter. 
There is little noise in the background of the image, and the hairs are not fragmented. 
ITF of laplacian filter. 5 x 5, sigma=2, bias=O.45 
Figure 5.6-9 - 2D Digital transfer fllnctionfor high pass convolution kernel. 
(extremities offt,fy scale correspond to Nyquistfrequency). 
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Figure 5.6-11 - Yarn image filtered using high pass convolution kernel. 
It can be observed that the transfer function is not circularly symmetric, due to the 
use of a rectangularly separable function for its generation. Hence it would be useful 
in further work, to produce such a filter, with the same characteristics as the one 
above, except with equal filtering parameters in all orientations. 
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For the yarn tests in chapters 7 and 8, the 2D convolution method was used, but with 
a 3 x 3 filter to improve processing speed. 
Since a magnification of 0.83 was used, the correct value for cr is I. The required 
kernel sum was found by trial and error to be 0.17, with the required value for b at 
1.64 
The kernel is given as : 
-0.2103 0.0023 -0.2103 
0.0023 1.0000 0.0023 
-0.2103 0.0023 -0.2103 
The resulting images for this filter were also excellent, especially considering that the 
aspect ratio for these tests was around 1 :4. 
Figure 5.6-12 - 2D filtered ring spun yarn23mm sample, aspect ratio 1 :4, 
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Figure 5.6-13 - Un filtered ring spun yarn 23mm sample, aspect ratio 1:4 
5.6.6 Comparison between 1D and 2D convolution filtering, aspect ratio 
classes 1 & 2 
Figure 5.6-14 shows the same sample image, but processed using aID kernel 
equivalent of the Laplacian operator. 
-0.3768 1.00 -0.3768. 
In order to detect the hairs which lie along the scan lines, as well as filter the core 
frequencies out and avoid noise interference, the threshold has to be carefully 
balanced. The image was obtained with the best compromise of these factors, but 
was clearly not as well processed as shown in Figure 5.6-12. 
It is impossible for a system with the signal to noise ratio of the L YSS, to produce a 
line filter which can produce an image which upon binarising, gives non-fragmented 
hairs, small amounts of noise and sufficient filtering of core and dense surface fibres. 
The reason for this is given next : The hairs which lie along the scan line, and the 
core occupy the same frequency space. Consequently, the only way to separate them 
is to use a carefully set threshold, which can detect the heavily attenuated I filtered 
hairs that lie along the scan line, after using a hi-pass filter to filter the core. 
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However, in the presence of random noise, this threshold cannot be set to a sensitive 
enough level to produce continuous hairs. 
Furthermore, hairs which are misfocussed, and which lie in the length-wise direction 
of the yam, will not have corrected widths, as is the case for 2D filtering. This point 
is made further for standard threshold image portions in the next section. 
Figure 5.6-14 - Ring spun yarn 23mm sample aspect ratio i:4,jiitered using iD 
convolution. 
5.6.7 Hybrid method using threshold for hairs, and filtering for core, aspect 
ratio classes 1 & 2. 
An obvious step forward from the above filtering methods is to use thresholding for 
the hairs lying away from the core, and convolution around the core itself For the 
hairs, a threshold set close to the noise floor level (background illumination level 
minus noise) can be used to detect the fibres. It is obviously imperative to use flat 
field correction for this method. 
Figure 5.6-15 shows an image processed using this method. It is clear that the 
technique works fairly well, and has many advantages over the aforementioned 
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methods. It is not sensitive to noise, provided flat-field correction has been used. It 
is quick, due to the restricted use of convolution, and is also sensitive to fibres with 
small changes in light profile (due to the transparency of the fibres and reduced 
length-wise resolution). The convolution filter could, if required, be made more 
complex (longer, or higher precision), without undue increase in processing time for 
the method. 
The disadvantage can be seen by the widths of the unfiltered hairs compared with 
those in Figure 5.6-12. This increase width is due to misfocus, which widens the hair 
light profile near its base (in this case toward the background illumination level). 
Upon successful application of the dynamic guide plate method described in chapter 
9, this misfocus affect will no longer occur (see Figure 5.5-21, page 165), except at 
high magnifications. In such an instance, the hybrid method would be ideal. The 
method would be most useful for applications requiring long CCD lengths, since the 
speed gain of straight thresholding over 2 dimensional convolution would be several 
orders of magnitude. 
Without the guide plates however, the increased width of hairs due to misfocus 
would falsely increase the hairiness indices, especially for the longer hairs, giving a 
preferential treatment to ring spun over rotor spun yams for example that have a 
higher proportion of hairs away from the core. 
The choice of boundary position could, in a real application of this method, be set as 
a proportion of the mean core width away from the core centre. 
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Figure 5.6-15 - Use of convolution and thresholding (23 mm long sample of ring 
spun yam - aspect ratio 1:4) 
5.6.8 Image processing method for class 3 aspect ratio (high speed yarn 
images) 
The essential aim of this method is to process the yarn image at high speeds, as well 
as to detect the substantially attenuated hair profiles due to length-wise averaging. 
Due to the requirements for speed, 2D convolution is not appropriate. Since the 
length-wise frequencies for the hair definitions are already filtered out and re-
sampled at lower resolution (see section 3.7), there is little advantage of trying to 
recover them. 
The use of standard thresholding is ideal. Due to the attenuated contrast of these 
hairs, the threshold has to be set very close to the back-ground illumination level. 
However, inspection of class 3 images shows that the core profile is still widened by 
surface fibres, even though their detail is not available in the image. Consequently a 
high threshold will inaccurately widen the core. 
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It is necessary therefore, to perform a hi-pass ID convolution on the profile, in the 
vicinity of the core, to prevent the widening. Since this hi-pass is used, and due to the 
attenuated nature of the fibres lying along the scan line, the hi-pass filter can damage 
the detail of hairs further away from the core. Consequently, it is necessary to 
perform a hybrid threshold / convolution process in the same way as in the preceding 
section, except in this case we use ID convolution. 
The following image processing method is preliminary, and not yet tested. However 
it is included here, since the other processing methods shown in this chapter lead 
directly into the image processing of high aspect ratio back-lit images - something 
not yet seen in any literature. 
The choice of the ID filter has been arbitrarily set to using the same hi-pass filters 
used in section 5.6.5, since their effect and adjustment is already known. 
In order to correctly filter the core, it is necessary to use a filter with only a slight 
offset in the kernel. This is due to the fact that the core is already heavily blurred by 
50 scans of averaged surface fibres. The danger of noise interference is much 
reduced, since the averaging also attenuates the random noise. 
Kernel used: 
-0.4769 1.0000 -0.4769 
bias of 0.05 
The threshold is set very close to the level of the background illumination, such that 
the peripheral hairs can be detected. 
The boundary between the filtered zone, and the thresholded zone is set at a fixed 
distance very close to the core. This is because the near zero offset hi-pass filter does 
not enable hairs to be detected. Consequently, there is a gap between the core and the 
hairs (shown in Figure 5.6-16). In further work, this gap could be changed for each 
scan rather than the boundaries being set at fixed points. 
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The image shows that the hairs can be detected successfully at 3 mm from the core. 
At less distance than this, the fibres merge, and can not be resolved, as would be 
expected. The core diameter appears smooth, and relatively unaffected by surfuce 
fibres. 
3.4 mm 
Figure 5.6-16 - Processed ring spun yarn sample 1.1 m, aspect ratio 1:50 - scan 
resolution 3.3 mm 
It would be useful in further work, to investigate the loss in hairiness values for this 
kind of aspect ratio, as compared to high resolution classes. The use of the hair grey 
level values at merged hair areas, may give better correlation than the number of 
thresholded pixels for hairiness at distances near to the core. 
5.7 Summary and conclusions. 
A pair of experimental devices were made, which aid in the inspection of yarns. 
These are a specimen clamp and a rotating linear slide mount apparatus. They have 
proven helpful when studying the optical features of different yarns. 
A series of illumination methods were applied to several yarn specimens to illustrate 
their features and practical advantages and disadvantages. With coherent back-lit 
illumination, the contrast was high, as was resolution. However, the drawback was 
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the added coherent noise, which could not be completely removed even after flat 
field correction. It is for further work, to develop the L YSS into a system capable of 
benefiting from coherent illumination, without noise interference. 
Incoherent back-lit illumination was then tested, usmg a field lens for even 
illumination and maximised light throughput. The background illumination, 
especially after flat-field correction, was very even, giving rise to very useful large 
signal to noise ratios. The resolution and contrast did not appear as good as with 
coherent illumination, but was adequate. 
Coherent spatial filtering was then investigated in the form of dark-field imaging, 
using a range of filter sizes. The core could be separated from the hairs successfully. 
However, the point spread function from the use of the filter caused the resolution of 
the hairiness detail to become compromised. Hairs at moderate distances from the 
core could not be counted discretely. 
Incoherent dark-field imaging was then used to isolate the core from the hairs. This 
time, however, the hair definitions were no longer compromised. Furthermore, it 
could be seen with this form of illumination that surface fibre twist angle could be 
detected, although not as clearly as with front-lit illumination. Incoherent dark-field 
illumination is therefore seen as having the most desirable properties for yarn 
imaging, and it is left to further work to develop algorithms for its use within the 
LYSS. 
A series of imaging enhancement and processing techniques were given for back-lit 
yarn images. Initially, yarn images were classified into their type of aspect ratio, as 
the required processing technique is dependent on this. It was decided that the yarns 
should be processed on a line-by-line basis, due to the extra processing requirements 
for area convolutions, and the high yarn data throughput for most applications. 
The use of flat-field correction, and run-length encoding were demonstrated and 
explained as being essential for yarn imaging. 
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The requirements of a suitable filtering method were outlined. There needs to be 
enough high pass filtering to separate the hairs from the core, preventing the hairs 
from widening the core diameter measurement. 
It was shown that for aspect ratio classes of I: I to I: 1 0, the use of 1 D line filtering 
was unsatisfactory. This is due to the overlap in frequencies ranges from hairs which 
lie along the scan line, and the core frequencies. The presence of noise does not 
allow a threshold to be set which can overcome this difficulty. The best type of filter 
is 2 dimensional, since the yarn image is also fundamentally 2 dimensional. A 
Laplacian type of kernel operator was used, which could preferentially edge enhance 
hair profiles. The setting of the kernel mean was shown to be vital in providing a 
grey level image that could be thresholded into an accurate binary representation of 
the original core plus hairs. 
To avoid the processing requirements of 2D convolution, a hybrid method was 
developed, which could use standard thresholding for peripheral hairs, as well as 
convolution for the core. The disadvantage was that the peripheral hairs could be 
widened due to misfucus. However, the expected development of the guide plate 
misfocus correction method should eliminate this problem. 
A form of the hybrid was developed preliminarily on large aspect ratio yarn images 
(such as those captured from yarns at high speeds). This was shown to be able to 
detect peripheral hairs, as well as adequately separate the cores from surrounding 
hairs. 
It remains for further work, to test and further develop the processing method for 
yarns at high aspect ratios. This should be carried out in conjunction with yarn tests 
against other commercial instruments, to see what compromises can be allowed at 
high speeds. 
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6.1 Overview 
An introduction to continuous filament yarn texturing is given in Chapter I. This 
chapter is dedicated to work aimed at inspecting and characterising intermingled 
yams usmg machine vision, and is in part published [MiIIman, Acar, & Jackson, 
1998]. 
There are a number of ways to determine the characteristics of intermingled yams, 
off-line as well as on-line, with varying degrees of information, mechanical 
interference, test speed, and cost. Section 6.2 reviews these methods, and assesses 
their limitations where possible. By characteristics, I refer specifically in this chapter 
to nip-to-nip distances, number of nips per metre, standard deviation of number of 
nips per metre, and nip visual quality. 
There are two main categories of intermingled yams - flat, and draw-textured. 
SEM image offalse twist textured intermingled yarn [Bi/gin, 1994, p. 1-15J 
High magnification optical image of an acetate flat yarn mingled section. 
(J mm shown) 
Figure 6.1-1 - Examples of textured yarn intermingling. 
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These both use air jets to intermingle the continuous filaments, but for draw-textured 
yams, the filaments are already textured in a spring-like fonn. The mingling process 
fonns yams where the intenningled sections are narrower in diameter than the non-
mingled sections if the yarn is unloaded (no tension applied). Consequently the 
methods for detecting nips in these yams differ significantly from those for flat 
yams, and they are treated in separate sections in this chapter. 
A series of approaches to a suitable method for detecting nips from yarn image data . 
are shown, with reference to their ability to overcome fundamental problems 
involved in visual nip detection. The final solution, the ratio method, is then tested 
against two types of yams. The first type (known from here on as yarn I) is a thick 
intenningled polyester yarn (28/17 - dTex 1 no. fils), and has relatively easily 
identifiable nips with the unaided eye, even under tension. The second yarn (yarn 2 
- see Figure 6.1-2) is much finer (13/21 dTex 1 no. fils), and when even modest 
tension is applied (5 cN) the yarn is nearly fully extended. The nips in this condition 
are almost undetectable to the unaided eye. 
7.5 cm 
Figure 6.1-2 - LYSS yarn images from orthogonal views of a polyester false-twist 
textured yarn (yarn 2), fully extended with 20 eN tension 
The use of superimposed orthogonal views is demonstrated, and tested quantitatively 
for both sets of yams. Also, the length-wise resolution of the yarn images is reduced 
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in software simulations, to investigate the effects of low scanning resolution on the 
nip detection efficiency 
A short section on flat yam nip detection is given, showing the use of filament 
orientation measurement from front-lit high magnification imaging. 
Finally, conclusions and suggestions for further work are given. 
6.2 Review of current technology. 
Very little research into intermingled yam inspection appears in the literature. 
However, various techniques and instruments have been developed for industrial use 
to assess structural and visual properties of intermingled yarns. These can be divided 
into two categories, those instruments intended solely for off-line monitoring, and 
those capable of working at high speeds in-process. 
6.2.1 Off-line methods. 
In this section, a small sample of automatic commercial entanglement testers are 
mentioned. 
The conventional laboratory test for intermingled yarns involves a two stage process. 
First the yarns are suspended with no tension applied, and the number of nips per 
metre is measured, either manually or using some form of instrument. Then the yarn 
is subjected to a load, which would represent the highest tension in the process that 
the yam is intended for. This can be cyclically applied in some instruments. Finally, 
the tension in the yarn is completely released and the number of nips per metre is 
measured again. This number would then be given as a yam characteristic, quoted 
along with the tension that was applied. 
The "Interlacing and Tight Spot" tester (lTEMAT, available at 
http://www.i6.comlissue Idecember98/storyll.html) by Enka Technica uses a tactile 
transducer to 'feel' the nips and provide information on the frequency of nips and 
191 
Chapter 6 - Intermingled yarn inspection 
distance between them. It is also equipped with a facility to stretch the intermingled 
yarn at a required tension. Hence by measuring the number of nips for a given length 
before and after stretching, the stability of the intermingling can be obtained. 
The Lawson-Hemphill TYT-E [Lawson Hemphill, 1998, p. 16] is capable of batch 
inspection of packages. It can measure crimp, shrinkage, entanglement and friction 
simultaneously. 
6.2.2 High-speed methods. 
An important contender in the textured yarn testing field is the Lawson-Hemphill 
company. They have a range of instruments which are essentially off-line in 
implementation, but some, such as the CTT-Yarn Profile Tester [Lawson Hemphill, 
1998, p. 28], can be modified to be placed in-process. Most of their test models are 
based around a yarn transporting device - the CTT, which transports yarn under a 
constant tension at speeds of between 20 and 360 metres per minute. The tension 
range can be adjusted from o.s to 700 grams, and within a given range a varying 
maintenance Ofconstant tension is achieved (+/- O.lg for 109, +/- Ig for 300g). 
The most relevant model to this work is the CTT-YPT tester, which monitors 
continuous filament yarns. There is no published literature on tests involving this 
instrument. However, in discussion with Lawson-Hemphill engineers at the 
International Textile Machinery Association ITMA 99, the machine was said to be 
capable of measuring intermingled sections in flat yarns. This is achieved by 
applying high tension to the yarns, and guiding them into a flat tape across the 
measuring head. This issue is discussed further in Section 6.8. 
Lee Consultants's "Entanglement Test Meter" [http://www.martex.co.ukibtma/ 
hwlee.htm], an infrared sensor based instrument, is a high-speed portable instrument 
designed simply to measure the number of entanglement points per unit length on a 
running thread line. This instrument is capable of measuring nip frequency at 
production speeds, and can therefore be used in-process to set up or check the 
production line. However, it is very limited in what it can measure. 
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6.2.3 Current patents. 
On searching the United States Patent database, there are many patents involving nip 
generation and testing. Some of the more interesting methods are shown below. 
An example of nip testing using a needle, which can be obstructed by the yarn, is 
seen in Goldfarb [1974]. The patent describes a common manual test, which is to 
suspend an intermingled yarn with a 100 gram weight attached. A hook with a 10 
gram weight is then inserted into the yarn and allowed to fall by gravity until it is 
held by a nip. The distance it falls is recorded and the hook is re-inserted after the 
nip. In order to automate this process, a device that inserts a needle into the yarn, is 
used with the yarn travelling at 1 cm/so When the yarn obstructs the needle, it is 
deflected and this triggers a solenoid, which withdraws the needle. The needle is 
then re-inserted a given time later to pass over the nip. The cycle time for this 
process is given up to an order of milliseconds for heavily mingled yarns with high 
interlacing frequency. 
This inspection process is off-line, but it is claimed that 100% monitoring of 50 
bobbins per hour can be achieved on one implementation of this method known as 
the 'instant tester'. However, the patent was given in 1974, and yam production is 
much faster today. The range of yarns can be from 800-4000 denier (88 - 450 Tex) 
Perhaps the most interesting patent is Bonigk [1992]. This patent uses fluid 
dynamics principles to cause the yarn to expand upon exiting an air-jet nozzle. Non-
mingled sections expand into a balloon, whereas mingled sections remain together, 
as this expansion force is not enough to un-mingle the yarn. The ballooning is 
detected by allowing an incident laser beam to be diffracted by the individual 
filaments, and the resultant diffraction pattern detected using a device - a line camera 
such as a CCD was suggested in the patent. Since the process is non-contact, the 
device can be run at up to 800 metres/min. The tension in the yarn at the nozzle has 
to be zero, and this is controlled by a tension sensor and a roller placed further down 
the yarn. In order to check the effect of tension on the yarn, a set of rollers are 
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introduced before the nozzle. They apply a tension to the yarn, but release it before 
it enters the nozzle. They can be switched on or off and the effects monitored to 
determine the cohesive force of the mingling. 
The use of orthogonal views is mentioned in this patent, in case the core shape is 
non-circular, and for increased accuracy. This patent is clearly very important 
because it shows a method of opening un-textured flat yarns, which as seen in 
Section 6.8 are otherwise very difficult to detect optically. The device does have to 
be installed into the line, however, and cannot be carried from line to line as one 
testing unit. 
6.3 Use of two orthogonal views 
Before commencing the discussion regarding intermingled yarn structure analysis, it 
is worth describing a technique, already mentioned, to obtain two orthogonal views 
ofthe yarn in the same cross-sectional plane. A mirror inclined at 450 to the viewing 
plane achieves this, as illustrated in Appendix B , page 350 and physically shown on 
page 371. This technique has an advantage if the nips in a single view of the yarn are 
not as clear as in the other view. This may be due to flattening of the yarn in 
winding, or more importantly, a non-circular cross-section of the mingled section. 
The need for viewing in both perspectives becomes evident when the yarns are 
inspected manually, to determine the number of nips per metre. Most nips are well 
entangled, and seen easily in all viewing angles 0 f the yarn with the unaided eye 
(with the yarn under no tension). However, a significant number of nips often appear 
to have a thin section in one view, but appear to be less well entangled in the other 
view. This phenomenon is also observed when examining nips under the rotating 
microscope described in section 5.3.1. 
The superimposed view technique has the effect of increasing the nip frequency 
relative to noise frequencies, because the latter usually appear differently in the two 
views, whereas the former appear in both. Therefore, by adding the diameters of the 
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two views together, the relative strength of the nip signal is increased. In the tests for 
this chapter (Section 6.7), the advantage of using two orthogonal views 
superimposed is tested quantitatively against using one, the latter being the standard 
method used in industrial instruments. 
6.4 Problems in nip detection, and requirements of an algorithm to 
solve them. 
The signal processing algorithm used in the L YSS to detect and measure individual 
nips has been developed through several stages, shown below in Section 6.5. Each 
method was designed to satisfY a set of requirements and overcome certain problems 
in nip detection From an experimental study of several different intermingled yarns 
(with different linear density and mingling conditions), a number of observations 
were made, which are outlined below. 
1) An obvious fact is that false-twist textured yarns have a high degree of 
extensibility, especially at low tensions. This means that changes in tension applied 
to the yarn will reveal corresponding changes in nip-to-nip distances and number of 
nips per unit length. To clarifY, there are several generalised references to tension in 
this section. By no tension, this means the yarn only has its own weight acting as 
tension - there are no external forces applied along the yarn Moderate tension 
means the yarn experiences between 5-15 cN of load along its axis, where the yarn is 
usually mostly extended, but not under loads capable of removing nips. From 15 -
50 cN is referred to as high tension, and is representative of further textile processes 
such as knitting and weaving. From 50 cN upwards, this is given the term very high 
tension, and is expected to remove nips from the yarn 
2) In the open sections of the yarn, the filaments are not mingled together, and are 
free to fun out, giving a wider section than mingled sections. This effect is most 
pronounced under no tension, with the diametrical diffurence between open and 
mingled sections at its greatest, and nip detection at its easiest. When a moderate 
tension is applied to the yarn, the filaments in the open sections are stretched, and the 
195 
Chapter 6 - Intenningled yam inspection 
slack is taken up. This causes them to come together into the body of the yam, 
reducing the open section diameter. However, the open sections are still visibly 
wider than the mingled sections, because some filaments are not entirely straightened 
with the other filaments. This is presumably because during the mingling process 
these filaments would have had more length trapped between the two adjacent nips 
of an open section, with corresponding shortened lengths elsewhere to conserve the 
filament lengths along the yam. The diametrical difference between open and 
mingled sections under tension is much reduced, and this is the reason why careful 
algorithmic techniques need to be applied to reliably detect small differences in 
diameter. 
3) For off-line testing, little or no tension can be applied, so that the nips are more 
clearly identifiable. The demands on the processing algorithm in such a case is not 
as great as when tension is applied to the yam. Some poorly formed nips, however, 
are not much narrower than open sections, even under low tension. In the tests 
carried out in this chapter, the yarns were tensioned with 5 cN during manual 
measurement of yam length, so that kinks could be removed, and more meaningful 
length measurement could be obtained. The nips themselves were counted with no 
load app lied to the yarn. 
4) Due to diametrical noise from yam vibration, loose filaments and irregular yam 
cross section (discussed further below), it is necessary to filter the yam diameter 
data. Figure 6.4-1 is a plot of the frequency spectrum of an intermingled yam (yam 
1) tested at high speeds. The yam diameter data has a strong component of 
frequency related to the nip frequency, and is shown by the large peak at 0.6 cycles 
per centimetre. As the nip distances can vary considerably within a yam, this nip 
frequency content of the data is spread over a finite region of the spectrum. Any 
filtering of the data must not attenuate these frequencies significantly, or there will 
be some loss of accuracy and some nips may go undetected. 
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Figure 6.4-1 - Output from LYSS evenness analyser showingfrequency spectrum of 
false-twist textured intermingled yarn (yarn 1 - superimposed views). 
5) High frequency signal noise can be in the form of oscillations caused by yarn 
vibration, or rapid changes in the yarn diameter due to surface filaments. The noise 
frequency region is higher than the nip frequency range, but can overlap, especially 
when too much vibration is present. Vibration is the most problematic form of high 
frequency noise, because the frequencies and amplitudes on yarn diameter caused by 
vibration may be relatively close to the yarn nip frequency under certain test speeds 
and mechanical guidance conditions. 
Figure 6.4-2 shows an intermingled yarn image, which has been scanned travelling at 
high speeds, using two orthogonal views. The intermingled outline can be seen, 
along with a jagged appearance due to the yarn vibration. 
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Figure 6.4-2 - LYSS display of an intermingled yarn (yarn 1) imaged at high yarn 
speed, showing the presence of vibration. 
6) Low frequency noise causes the apparent diameter of the yam to change in both 
the nip and open section areas together over a distance of several nips, causing 
problems to a direct form of thresholding. Figure 6.4-3 shows this effect 
diagrammatically, and Figure 6.4-4 is a plot of the diameter of an actual intermingled 
yam with superimposed orthogonal views. By inspection, it can be observed that 
there is no appropriate position to set a threshold, which will reliably separate all the 
nips in the graph from the open sections. The best position puts the threshold into 
the noisy region of an open section peak. Hence some form of adaptive threshold is 
required, or a method of removing this low frequency component. 
The low frequency components are due to slow changes in the non-circular cross-
sections of the open and mingled sections. These can be caused by flattening of the 
yam on the bobbin. Consequently the low frequency changes are more pronounced in 
single views than superimposed views. 
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Figure 6.4-4 - Diameter profile of actual intermingled yam (yam 1) illustrating the 
difficulty in setting a constant threshold. 
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Figure 6.4-5 shows the frequency spectrum for yarn I, from a single view, and 
Figure 6.4-6 shows the spectrum for superimposed views. The increase in low 
frequency infonnation in the single view is very apparent. 
:::f ..... ; ·;··ll·Hlhli ; .... ; .. +.1·+: hl" ;+ ....... .; .... :, .. + .. i" , . 
..,1········.········!IIIHI1I1FI.f1··1H! H········ '··ff·.··HE!···· 
.. 
. ' '" 
: " 
_:.l: 
i : i 
'.: . 
Figure 6.4-5 - LYSS output of frequency spectrum for yarn 1 diameter values, single 
view. 
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Figure 6.4-6 - LYSS output of frequency spectrum for yarn 1 diameter, superimposed 
views. 
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7) From an implementation viewpoint, the eventual nip detection algorithm would 
need to avoid excessive processing such as Fourier transformation. This is because 
the on-line inspection of mingled yarns would be detecting nips at high rates. A 
simple algorithm would only require low-cost digital signal processing hardware, but 
as the processing increases in complexity, so can the cost of the hardware required. 
The system would ideally be able to work on a continuous stream of data for 100 % 
inspection. 
8) It is necessary to have a measure of the probability that a specific thin place is a 
nip. This can alternatively be viewed as a measure of how a thin section appears 
visually to be a nip. For example, a slight deviation in yarn diameter is less likely to 
be a nip, or may be a nip that is only partially formed. It would be desirable to have 
some kind of measure to indicate this, so that the nip-detecting sensitivity of a signal 
processing algorithm could be adjusted depending on the user requirements. 
6.5 Methods to detect nips reliably under in-process conditions. 
6.5.1 Spectral analysis. 
Using the L YSS system, the nip frequency (and hence average nip pitch) can easily 
be determined from the fundamental peak in the frequency spectrum of the yarn 
diameter (see Figure 6.4-1). This is part of the yarn evenness analysis software. 
However, this is only an average value over the sample region, and cannot provide 
information about individual nips. Sometimes, the mingling nozzle may fail to 
create a nip, and this omission may need to be identified. 
6.5.2 Standard thresholding. 
The first method utilised in this research was a spatial thresho lding method 
[Millman, 1994]. Initially, it involved a continuous threshold, but it was soon 
realised that this was insufficient, due to low frequency changes in diameter (shown 
in Figure 6.4-3 and Figure 6.4-4). Consequently, the developed method applied a 
single locally varying threshold to the yarn diameter. If the diameter full below the 
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threshold, it was considered a nip, and if it rose above, it was an open section. Figure 
6.5-1 shows how the threshold is applied, and how various geometrical parameters 
were derived. It is worth noting that the threshold is applied on the diameter data, 
not on the image as is implied in the figure. The difference between them is that the 
yarn may move sideways in the image, but its diameter is not affected (except for 
high velocity movements such as vibration). 
mingled section (nip) open section 
threshold from previous section 
current threshold 
open section length 
f • 1 
mingled section' 
inter-nip distance 
Figure 6.5-1 - Nip detection using locally varying threshold. 
mingled yam 
profile. 
In order to overcome the low frequency noise problem, the threshold was made to 
vary locally, but in a relatively crude fashion. One parameter in the settings list was 
the threshold adjustment length. The yarn could be considered as separated into pre-
determined cut lengths of this adjustment length, and the maximum and minimum 
diameters were calculated in this length. Then the threshold was set according to a 
percentage parameter (0 % being the minimum diameter, and 100 % being the 
maximum). This led to sharp changes in the threshold position at the boundary of 
cut lengths, if the adjustment length was of the order of a few nip lengths (which was 
necessary for it to vary enough locally). Nevertheless, it still functioned as a locally 
varying threshold. 
In order to avoid high frequency noise, a high bandwidth moving average low pass 
filter was applied to the data. Also, upon crossing the threshold the diameter would 
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have to remain that side of the threshold for a given distance, to indicate a valid 
crossing. Two distance parameters were required for this: above threshold validity 
distance, and below threshold validity distance. 
Some simple tests using this method are published [Millman, Acar, & Jackson, 
1995]. The drawback of the method was that it was very sensitive to the position of 
the threshold and the other three parameters, which need setting carefully. Thus, it 
could not go from one set of conditions (for example the yarn specification) to 
another without careful adjustment. Its nip detection reliability was not as 
satisfactory as should be expected from a vision based yarn scanning instrument. 
6.5.3 Differentiating the diameter data and thresholding. 
The intermingled yarn can be considered as being essentially sinusoidal in diameter, 
with a given tolerance of frequency and amplitude along its length, as well as longer 
wavelength components. In the field of surface metrology, a standard requirement 
when characterising peaks/troughs of a machined surface is to separate 'waviness' 
from roughness, the latter of which is to be measured [Whitehouse 1994, p.6]. This 
requirement is also the case with nip inspection. 
Figure 6.5-2 shows the removal of the lower frequency components of the profile. 
diameter 
distance along scan 
Figure 6.5-2 - Removing the low frequency noise components. 
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The differentiation process removes low frequencies relative to high frequencies, and 
thus would remove the unhelpful low frequency diameter variations, which 
negatively affect the standard spatial thresholding method. 
The I st differential of a nip profile would give large values for large gradient changes 
in diameter. A threshold set upon the 1st differential would therefore select those 
parts of the yarn profile having adequate gradients when changing from nips to open 
sections. In order to identifY changes from open sections to nips, another threshold 
needs to be used, below the zero axis. 
Upon applying the differential method to intermingled yarn data obtained from the 
L YSS, the main initial drawback was that it amplified high frequency 'noise' in the 
diameter caused by the surface filaments. This is because the amplitude of a sinusoid 
when differentiated is proportional to frequency: 
! (ASin(lUX») =mAcos(lUX) 
where co is the frequency in radians, A is the sinusoid amplitude, and x is the spatial 
variable such as the distance along the yarn. 
Since the I st differential is employed, there also has to be a degree of low pass 
filtering to avoid noise amplification. The filter corner frequency cannot be too 
small that it causes shorter nips (composed from a higher frequency sinusoid) to be 
heavily attenuated, or too large that it allows vibrational noise to interfere and cause 
incorrect crossing of the threshold. Due to its simplicity in implementation, a top hat 
convolution filter (moving average) was used to provide low-pass filtering. From 
tests on intermingled yarns, scanned at high resolution on the L YSS, it was 
discovered that a moving average convolution filter, with a width set 10 a third of the 
average inter-nip distance, and convolved with itself and a differentiator kernel [-I 
I], gave a working balance between low and high pass filtering. This was developed 
and verified by inspection of yarn diameter profiles, before and after filtering. 
Details of its implementation can be seen in section 6.6. 
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Due to the slope in the differentiation filter, nips with smaller nip-to-nip spacing are 
attenuated more than nips with larger spacing. A similar disadvantage of this method 
is that the filtering causes some components of the yarn diameter profile which are 
not noise to be attenuated, thus distorting the profile to some extent. 
This method assumes the visual measure of probability that a certain thin section is a 
nip is dependent on its gradient change from open section to nip or nip to open 
section. Due to the complexity of the definition of this measure of nip 'probability', 
and the fact that absolute diameters were not being used to measure the nip 
appearance, the I st differential method was developed into the diameter ratios 
method shown in section 6.5.5. 
6.5.4 ~d differential method. 
The 2nd differential of the diameter would cause the thin sections (nips) to become 
positive. Due to the fact that only a single threshold is needed to identifY the start 
and finish of a nip section, this method was developed and tested against the other 
methods. 
The 2nd differential method has the drawback that it dramatically amplifies high 
frequency 'noise' in the diameter caused by the surface filaments. This is because 
the amplitude of a sinusoid when differentiated twice is proportional to the square of 
the frequency: 
d
2
2 A sin (aR-) = _Aw2 sin(=) dx 
Therefore a substantial amount of low pass filtering is required. Tests on large 
lengths of yarn showed that the nip detection is sensitive to the degree of filtering, 
which becomes difficult to set, thus increasing the system parameter sensitivity. 
Also, this method preferentially identifies those nips which are shorter in length, as 
they are composed from higher frequencies. However observations on intermingled 
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yarns indicate that the length of the nip should not be a factor in measuring the nip 
probability. Geometric parameters such as nip spacing and length could be usefully 
reported separately. Further work could be done to correlate these geometric 
parameters to nip mechanical stability. 
After research was carried out on the kind of filters to be used, and the definition of 
visual nip probability, the following diameter ratio method was developed, and 
adopted into the L YSS. 
6.5.5 Diameter ratio method. 
The ratio method developed in this research uses the zero crossmgs of the 1st 
differential method to determine maximum and minimum points of the yarn diameter 
corresponding to open and nip sections respectively. At these points, the absolute 
diameters are taken, and for any nip, its measurement is defined as the average of the 
diameter of the two adjacent open sections divided by the nip diameter (Figure 
6.5-3). Since the 1st differential is employed, there has to be a degree of filtering to 
avoid noise amplification. However, this is less than with the 2nd differential 
method, and can be set at a level which allows an adequate representation of the 
maxima and minima ofthe yarn diameter, using the 1 st differential zero crossings. 
As already described in Section 6.5.3, the filter low-pass cut-off frequency is set to 
three times the expected average nip frequency. The advantage with this method of 
nip detection and measurement is that the filtering is only used to detect the presence 
of nips. The diameters of the unfiltered yarns can be extracted and used for nip 
measurement at the points where the zero crossings indicate maxima or minima. 
Consequently the measure of nip probability is independent upon the nip spacing. 
Another benefit is that nips with only slight deviations from the open sections would 
cause zero crossings. They can be selectively ignored if the ratios are too large, but 
all potential nips are detected, which is useful from a yarn characterisation 
viewpoint. 
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nip ratio measuremen t = -:-1----
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Figure 6.5-3 - Definition o/the nip probability using the diameter ratio method. 
Finally, it is desirable to provide a meaningful unit by which a nip can be measured. 
The 2nd differential would effectively measure the rate of change of the diameter 
gradient, and thus provide a measure of the nip's 'curviness'. The 1" differential 
would measure the gradients from open to nip sections or nip to open sections. The 
ratio method, however, measures the ratios of nip to open section diameters. Thus 
the ratio measurement is unit-less, independent of nip length, is not sensitive to noise 
or low frequency variations in diameter, and can detect and reject low probability 
nips. It is computationally undemanding, does not have complex parameters, and is 
therefore relatively simple to implement. Consequently it has been adapted as the 
nip detection method in the L YSS. 
6.6 Filter development and hard ware considerations 
The ratio method requires a digital filter which differentiates the signal, and low-
passes the result. The number of coefficients of the filter should ideally be kept to a 
minimum such that a cheaper microprocessor could be capable of the task. 
By convolving a moving average filter of ones [ I I 1 1 1] with a differentiator [-
0.5,0.5], the result is a simple filter like this: [-0.5 0 0 0 0 +0.5]. If this is again 
convolved with the moving average filter, the result is essentially a two part moving 
average filter with opposite sign: [-0.5 -0.5 -0.5 -0.5 -0.5 0.5 0.5 0.5 0.5 0.5]. 
207 
Chapter 6 - Intermingled yarn inspection 
Since the filter has this property, there does not have to be any multiplications, but 
just 2 additions and 2 subtractions per digit (1 pair for each moving average stage). 
This means that minima1 digital processing requirements are needed for its 
implementation regardless of its length. 
The filter also has linear phase across the frequency response (Figure 6.6-1), which is 
important, since we are taking measurements from the geometry of spatial data 
comprised of a range of frequencies. The need for linear phase filters on profile data, 
and the consequences of not having them have been stressed in surface metrology 
[Whitehouse 1994, pp 27-39]. 
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Figure 6.6-1 - Frequency response of the differentiation filter 
Although implemented on a PC at present, it is feasible to implement the processing 
side on a dedicated DSP or micro-controller. A 16 MHz PlC micro-controller would 
have 1600 machine cycles per scan to process line-scan diameter data (simply taken 
from run-length encoded image data) at 10kHz. This is easily sufficient time to 
process the data. 
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This filtering method is simple in design and function and quickly computable, but it 
needs to be remembered that the sampling process from the CCD imparts a filtering 
of its own related to the yarn speed, and scan rate. Consequently this filter does not 
provide a completely constant filter response with respect to scan rate, or attenuate 
high frequencies to a negligible level. However, for the purposes of demonstrating 
the differentiation method it is sufficient and could be developed in further work. 
6.7 The tests and data analysis 
Two sets of tests were carried out. The first set used a 28/17 (dTex / no. fils) 
polyester false twisted intermingled yarn. This yarn is thick enough to have nips 
which can be seen with the unaided eye both at low and medium tension (0 - 20 cN). 
The test set was aimed at inspecting a visually less demanding intermingled yarn for 
its nips, their quality, and nip-to-nip distances. 
The second set of tests was for a more visually demanding type of intermingled yarn. 
The yarn was a I3121 polyester yam, and is much finer, with a more spring-like 
'fluffY' texture. Upon extension, the nips in this yarn are practically undetectable 
with the unaided eye. This second test set is more preliminary, and did not involve 
measuring distances between nips manually. By scanning this yarn at its full 
extension, the ratio method algorithm is tested with much more difficult inspection 
conditions than for yarn 1. 
For the slow speed tests, the two yarns were guided in the same fashion, with flat 
ceramic guides supporting the yarns across a 6 cm span where the inspecting area 
was located. For the high speed test, yarn I was supported in the same fashion as 
shown in Figure 6.8-1, p. 223, and suspended over a 3 cm width. This method was 
used to minimise vibration of the yarn. 
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7.5 cm 
.. 
Figure 6.7-1 - LYSS yarn images from orthogonal views of yarn 1, mostly extended 
with 15 eN tension. 
6.7.1 Test apparatus. 
The apparatus for the low speed yarn transport device used with the L YSS is shown 
in Appendix D. For yarn I, the constant tension controller was used, which is also 
described in Appendix D. Yarn 2, however, was more difficult to transport using the 
capstan roller arrangement, and could not be transported using the constant tension 
controller. Further details of the method of transportation for yarn 2 are given along 
with the test results. 
6.7.2 Yarn 1- Low speed with manual inspection test. 
The first test compares the nip-to-nip distances observed using the microscope mount 
to those obtained by the computer under low-speed scanning conditions. A two 
metre sample was first examined using manual inspection, and the positions of its 
nips were recorded, along with an indication of how well-formed the nips appeared 
(extremely poor, poor, normal). The same sample was then examined using the low 
speedlhigh resolution computer vision system with the diameter ratio method. The 
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distances between each mp were then compared and are shown below in Figure 
6.7-2. 
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Figure 6.7-2 - Resultsfrom the low speed Imanual inspection test. 
It is clear from Figure 6.7-2 that for the low speed/manual inspection test, the 
correlation is exact. If any nip was missing in one set of data, but not in the other, 
then the lines on the graph would become out of step by 1 nip at that point, and this 
is not observed here. 
It was observed that the threshold level in the diameter ratio method could selectively 
exclude those nips labelled extremely poor or very poor, which if also excluded from 
the manual data, would give the same exact correlation as above in Figure 6.7-2. 
Due to the experimentally determined high degree of accuracy for the ratio method 
for this type of yam, it is not necessary to count nips per metre over long sample 
lengths, as this is tedious, and would not add greatly to the results. 
6.7.3 Yarn 1- Low speed long length compared to high speed long length. 
The second test for yarn 1, scanned a yarn length of 50m under low speed scanning 
conditions, and compares the results with those obtained using the high-speed 
transport, but using the same threshold setting for the nip detection and rejection. 
The tension for the slow speed transport was set to approximately 15 cN, such that 
the yarn was mostly extended. 
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For the high speed test, the camera scan rate was set to 10kHz, the yam speed is 7.5 
rnls, and the motor speed ratio (slip) is 1.025. There are two sets of motorised 
rollers, one before the measuring area (feed) and one after (take-up). The slip is the 
ratio of the take-up to the feed speed. There was no tension controlling device in the 
high speed transport system, although the slip ratio was adjusted such that the yarn 
was extended similarly to the slow speed tests. 
The mean nip count per metre and standard deviation for both speeds is shown in 
Table 6.7- I for tests 2 and 3. 
Table 6.7-1 - Yarn 1 nip detection test results. 
Test sample length yarn speed scan mean standard deviation 
m resolution nips Im nips/m 
mrnIscan 
I 1.65 5.0 crnls 0.172 58.4 N/A 
2 50.0 5.0 cm/s 0.172 56.9 1.58 
3 50.0 7.5 m/s 0.78 54.16 1.64 
The test proved the system for this type of yarn, and also demonstrated the use of the 
threshold to selectively exclude nips of poor visual quality. 
Importantly, the number of nips per metre for test 2 was within 1.5% of the results 
for test I. This indicates that the system is capable of matching manual visual 
inspection for this type of intermingled yarn, but automatically, and at greater 
degrees of yarn extension. 
For the second and third tests, the mean nip count per metre and the standard 
deviation for both speeds are within 3%. The standard deviation is less than 2 %, 
showing that either the same miscalculation is happening consistently or the 
detection is reliable. The discrepancy may be due to tension fluctuations in the high 
212 
Chapter 6 - Intenningled yarn inspection 
speed tests, which are known to exist. The high speed transportation is not 
sufficiently developed to provide a constant slip ratio and tension. The discrepancy 
may also be due to limitations in the filtering method, or the variation in the yarn 
guidance method. However, it possible to conclude here that the L YSS vision and 
data processing is sufficient to inspect intermingled yarn I at high speeds to a 
reasonable degree of accuracy relative to manual inspection. 
6.7.4 Yarn 1 - Use of varying threshold and superimposed views 
The ratio method algorithm can be executed on superimposed diameter data, or the 
data from the individual views. 
Figure 6.7-3 shows the number of nips per metre detected by the algorithm, with a 
varying ratio threshold (the ratio measurement being defined in Figure 6.5-3, p. 207). 
Several important conclusions can be drawn from this graph. The frrst is that the two 
individual views have different numbers of nips per metre at the varying thresholds. 
This indicates strongly, that the yarn has been preferentially orientated in one view, 
such that the nip / open section contrast is clearer. The reasons for this is probably 
due to flattening of the open section on the bobbin, and consequent guiding of this 
flat section into a preferential orientation in the measuring area. The yarn runs over 
flat guides separated by 6 cm either side 0 f the measuring area, which cause the flat 
of the squashed open sections to lie along the guide. As the flattened yarn rotates in 
the measuring area (inevitable since the yarn comes from a static bobbin and obtains 
twist in unwinding) diameter variations become apparent in the image which do not 
represent changes in the yarn cross sectional area. 
The superimposed view principle removes the effects of this, and consequently has 
nips per metre found between the plots for the two single views. It is interesting to 
note that it does not have more nips per metre at any point than the preferred single 
view. It is probable that the nip to open section contrast of the superimposed view 
data is weakened by the non-preferred single view, but strengthened by the preferred 
view. 
213 
Chapter 6 - Inlenningled yam inspection 
'" 
.. ......-
20 
•• 
/ 
~~'~~.M~~.f.~~.M~~.~7 --~.7~'--~.~.--~.M~~.7.--~.~~-J 
--
Figure 6.7-3 - The number of nips per metre (yarn 1) from both superimposed and 
single views, determined by varying the ratio threshold (at medium O.7mm length-
wise resolution) 
The rising number of nips per metre with increasing threshold is predicted, in that a 
ratio of one means that nip and open sections of the same diameter are counted. An 
interesting point on the graph is when the ratio is thresholded is set at one, since this 
represents the total number of nips detected by the I SI differential zero crossing 
points. This could be viewed as the total number of potential nips regardless of their 
validity. The subsequent use of the threshold selectively removes badly formed nips. 
The number of nips per metre found between the single and superimposed view data 
coincides at a threshold of 0.88. This is an important conclusion, in that at a certain 
sensitivity of nips per metre detection, there is no benefit in using superimposed 
views. This feature can largely be attributed to the effectiveness of the ratio method. 
The threshold for the sensitivity predicted by the manual inspection tests is only 
slightly lower at 0.87. 
Finally, another conclusion can be drawn from the gradient of the nips per metre 
result with increasing threshold. For superimposed views in particular, the gradient 
lessens as the threshold pasts the correct number of nips per metre point as 
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detennined manually. The steep but sustained gradient over the valid threshold area, 
shows that the ratio between nip and open section diameters for valid nips varies 
quite significantly. The lessening of the gradient of nips past the correct ratio is due 
to their small proportion relative to correct nips. 
6.7.5 Yarn 1 - The effects of reduced resolution. 
It is possible with the L YSS to simulate a reduced length-wise resolution on yarn 
image or diameter data, to see its effects. This helps to develop correct algorithms 
and techniques for high speed yarn inspection. To simulate reduced resolution, the 
yarn diameter data was first filtered using a 30 point linear phase FIR filter using a 
Hamming window, and then re-sampled at the reduced resolution. This re-sampling 
is obtained using the Matlab 'decimate' command. 
Figure 6.7-4 shows the thresholded ratio profile for two sets of length-wise 
resolution. 
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nips per metre at low and high length-wise resolution· yam 1 
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Figure 6.7-4 - The number of nips per metre (yarn I). varying the ratio threshold and 
length-wise resolution 
Legend: 
blue = superimposed views 
red = single view. 
green = preferred single view. 
Solid line = medium resolution 0.7 mm per scan 
dotted line = low reso lution 3.4 mm per scan. 
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Figure 6. 7-5 - The number of nips per metre (yarn 1) varying the ratio threshold and 
length-wise resolution. 
Legend: 
Same as Figure 6.7-4 but dashed lines for low resolution condition. 
It is clear that as the resolution increases, the number of nips per metre decreases at 
most of the threshold range for both superimposed and single views. However, at 
thresholds close to the suitable threshold level predicted from manual inspection, the 
results between the single and superimposed views at both medium and low 
resolution coincide. This shows that the algorithm is capable of working at very low 
length-wise resolutions for this type of yarn. 
The low standard deviations of nips per metre for both medium and low resolution 
scanning at the appropriate threshold setting (around 0.87), show that the nip 
measurements are consistent from one metre of yarn to the other regardless of 
resolution. Furthermore, the standard deviations show that the use of single views is 
as good as the superimposed view at the correct threshold setting. 
Note. Please see addendum. 
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6.7.6 Yarn 2 preliminary tests- Low speed with manual inspection of nips per 
metre. 
A 50 m sample of the fine intermingled yarn was scanned at low speed and high 
resolution (0.3mm per scan) in the L YSS. The magnification was set at 1.2. 
Great care had to be taken with this procedure, since the fine, fluffY texture of the 
yarn caused large tension fluctuations due to the use of pinch rollers. If the yarn was 
not pre-tensioned before entering the rollers, the feeding capstan / roller arrangement 
would often pinch a section of re-coiled yarn which subsequently extended 
immediately after the roller (between the feed and take-up rollers). This extension 
caused the tension to reduce momentarily. Consequently the yarn was pre-tensioned 
prior to entering the transport arrangement. The transport conditions were set to 
ensure that the yarn became completely extended, with consistently high tension 
(above 20 cN) - one of the aims of this test. 
Manual inspection results 
The following results were obtained with the unaided eye. 
Number of well-defined nips per 10 m sample (length measured under 5 cN load) = 
801 
Number of nips in 10 m sample seen from one side only = 30 
Number of nips poorly formed in 10 m sample = 15 
Standard deviation nips/m including one-side-only nips = 0.85 nips/m 
Average number of nips per metre including nips seen from one side only, excluding 
poorly formed nips = 83 
Average number of nips per metre excluding nips seen from one side only & poorly 
formed nips = 80 
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LYSS results for yarn 2 at high resolution. 
mean rips per metre for high resaution - yam 2 
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Figure 6. 7-6 - nips per metre, and standard deviation/or yarn 2, at length-wise 
resolution 0/0.3 mm per scan, moving average filter length 4 mm 
Legend: 
blue - superimposed view results 
req - single view I. 
green - single view 2. 
Figure 6.7-6 shows the nips per metre for yarn 2, using a length-wise resolution of 
O.3mm per scan. The moving average filter length for the algorithm was set once 
again at one third ofthe mean nip-to-nip distance: 4 mm. 
In these results, it is clear that there was no preferential orientation of one of the side 
views, with the results between the side views identical. 
The number of nips per metre is equivalent to the manual inspection tests for 
superimposed views and the single views at a ratio threshold of around 0.87. Thc 
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standard deviation for both superimposed and single views at this ratio setting is 3 
nips per metre. 
Whilst these figures are not too dissimilar from the manual inspection results shown 
previously, the standard deviation is slightly higher. Furthermore, the number of 
potential crossings (at a ratio of 1) is higher than that practically seen on the yarn. 
From the manual inspection results, the total number of potential nips per meter, 
including poorly formed nips, is around 86. From the L YSS results, this value is 95 
for both s.ingle views and for the superimposed view. 
The discrepancy can probably be explained by the fact that that the yam diameter 
profile contains higher frequencies which might not be filtered sufficiently by the 
one third nip distance moving average filter. These frequencies could cause more 
zero crossings in the 1 SI differential nip detection data. Inspection of Figure 6.4-5, p. 
200 shows a strong frequency component at around 1.2 cycles per cm or a 
wavelength of 8.3 mm (the wavelength of the mean nip profile is 12.3 mm). 
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L YSS resu Its at low length-wise resolution - yarn 2 
mean ",ps per metre for low resolution - yam 2 
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Figure 6.7-7 - nips per metre, and standard deviation/or yarn 2, at length-wise 
resolution 0/ 2 mm per scan, moving average filter length 4 mm 
Legend: same as Figure 6.7-6. 
In Figure 6.7-7, the results from simulating a lower length-wise resolution are shown. 
The resolution is 2mm, and could not be set to the low resolution value for yarn 1, 
due to the decreased size of nip-to-nip distances. 
Again, it is clear that the algorithm is capable of detecting nips at low length-wise 
resolution, to the same nip per metre count as with the manual inspections, at a given 
threshold value. However, the standard deviation of around 4 nips per metre at this 
threshold is slightly higher than the manual inspection. At this threshold, the use of 
superimposed views does not increase the nip detection efficiency. 
Note: Please see addendum. 
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The choice of threshold ratio in these tests was chosen to match the nip per metre 
count to those obtained through manual inspection. This was considered valid, 
provided that the standard deviation of nips per metre was not much higher than that 
obtained through manual inspection. However, this is arbitrary, in that it does not 
show if the nips are detected in the correct places, and whether (for example) a 
missed nip is compensated for by a falsely detected nip. Consequently, further work 
should also be aimed at correlating actual nip-to-nip distances to those measured by 
the L YSS, for this type of yarn. 
6.8 Flat yarn inspection. 
Flat yarns are considerably different in appearance from textured yarns, since there is 
no crimp in the fibres to cause wider diameters at the non-mingled sections. This 
section briefly describes two approaches that were applied to a series of intermingled 
acetate flat yarns. The first method uses back-lighting and looks only at changes in 
yarn diameter. The second uses fore-ground lighting, to detect the fibre orientation 
on the yarn surface using the same procedure as used in Chapter 8 to detect twist. 
6.8.1 Back-lit method to detect nips in flat yarns. 
The acetate flat yarns were inspected by the L YSS in a similar fashion to test I, with 
the two right-angled views of the yarn imaged, using incoherent back-lighting. The 
nips were detected manually using feel. In order to improve the appearance of the 
yarns to the L YSS, the yarns were flattened over guides 2 cm apart each side of the 
measuring area. The guides were inclined at 40 degrees to the mirror such that the 
flat view of the yarn could be imaged in both views (see Figure 6.8-1). 
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inclined guide 
camera 
rmrror 
Figure 6.8-1 - Guidance afflat yarns with the LYSS. 
It was concluded after various tests, that there was no correlation between the nips on 
the yarn, and a change in diameter. The fluctuations that did exist in the yarn were 
often caused by twist in the yarn. 
During recent discussions with engineers from Lawson-Hemphill, I discovered that 
the CTT-YPT device has found a correlation between the presence of nips and 
diameter change, provided that sufficient tension is applied to the yarn, and it is 
guided into a flat tape similar to the method above. I did not ascertain what kind of 
twist conditions there were, although I understand that twist was an issue. 
The L YSS is not capable of applying more than around 40 eN to the yarn without 
damaging it. This because the yarn is gripped through pinch rollers, similar to those 
used in conventional cassette recorders, and these need to apply considerable 
gripping force to the yarn to impart sufficient length-wise tension. 
Further work is needed to establish a non-destructive high-tension slow transport 
device for the L YSS so that further tests on flat yarns can be carried out. The tension 
required to enable the nips to be identified needs to be established. The problem of 
identifYing where changes in diameter are caused by twist rather than nips also needs 
to be solved. 
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6.8.2 Front-lit method to detect nips in flat yarns. 
Towards the end of my research for this thesis, a method was developed to detect the 
twist angle of surface fibres in ring spun yarns. This is documented in Chapter 8. 
It is reasonable to assume that the distribution of filament orientations on the surface 
of flat yarns will be different for mingled and non-mingled sections. Consequently, 
preliminary tests are shown in this section which successfully detect the presence of 
nips in flat yarns. 
The principle of measuring fibre orientation distribution for a given yarn sample is 
surrunarised here, and explained more fully in Chapter 8. The method is to first 
image the yarn under high magnification (around 4-5), removing the edges of the 
yarn from the field of view by cropping. The next stage is to compute the two-
dimensional Fourier transform of the image, and remove the central region around 
the zero frequency area. Finally, to compute the level of fibre orientation in the 
original image for a specific angle range, a corresponding sector of the transform is 
isolated and all values within this summed to a single value. 
The following three images show three sections of flat yarn, the first with no 
mingling, the second and third with mingling present. 
Figure 6.8-2 - Non-mingledjlat yarn section 1. 
Figure 6.8-3 - Non-mingled section 2. 
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Figure 6.8-4 - Mingled section 
The following three graphs show the filament orientation distribution for the 
previous three yarn section images. The distnbution of filaments orientation density 
around the 0 angle (0 corresponding to filaments lying along the yarn) is shown to be 
different in distribution for mingling and non-mingling, as would be expected. 
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Figure 6.8-5 - Filament orientation distribution/or non-mingled section 1 
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Figure 6.8-6 - Filament orientation distribution for non-mingled section 2 
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Figure 6.8-7 - Filament orientation distribution for mingled section 
One advantage of this technique is that it would be possible to detect where a nip 
occurred, and where the yarn tape was twisting. This is because the twisted 
filaments would cause the filament orientation distribution to be mainly on one side 
of the 0 angle, as demonstrated in Chapter 8. A mingled section would have a more 
even distribution. 
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The disadvantages associated with this approach are due to the unobtainable 
processing requirements for yarns imaged at high travelling speed, with unity aspect 
ratio and high magnification. This has already been demonstrated in Chapter 3. It 
remains for further work to obtain a means of measuring surface fibre orientation at 
high speeds without requiring such processing power, and such methods are 
postulated in Chapters 8 and 9. 
6.9 Conclusions and further work 
Nip detection for draw-textured yarns using machine vision is reliable, provided that 
an algorithm is used which can overcome certain characteristics of intermingled 
yarns. These characteristics are mainly low and high frequency noise. 
An algorithm has been developed (the ratio method) which gives a measure of the 
probability that a thin section is a nip. It is able to detect those nips that are only 
partially formed, and segregate them from the well-formed nips if required. The 
algorithm is also computationaJJy undemanding, and relies on quickly computable 
filters to differentiate the yarn profile. The measure of nip probability is unit-less, 
simple to understand, and independent of the length of the nips. 
Tests were carried out using two types of yarns, the first yarn being thicker with 
more visually apparent nips at full extension. The second yarn was much finer, with 
nips almost undetectable to the unaided eye, at full yarn extension. 
For yarn I, the algorithm was shown to be effective at both high and low yarn speed 
conditions. The system was shown to be technically capable of in-process 
inspection, since the speed used in the tests (7 mls) is more of the order of those used 
in production. 
A comparison between actual nip-to-nip distances measured manually, and the 
results from the same piece of yarn scanned with the L YSS, showed that the 
algorithm is accurate, and able to provide nip-to-nip distance information. The tests 
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also showed that the algorithm was capable of removing nips which were seen to be 
poorly formed under manual inspection. 
The use of two right-angled views of intermingled yarns is shown to increase the nip 
detection sensitivity of the system for low ratio thresholds (very well-formed nips). 
However, at the threshold level which gave the same results between the manual and 
automatic inspection methods, the use of superimposed views was shown to be 
unnecessary. This even applied when the yarn exhibited a preferential orientation, 
where the nips were more clearly seen in one view than the other. The lack of need 
for superimposed views therefore is attributed to the effectiveness of the nip 
detection algorithm. This also applied to yarns scanned at low length-wise resolution 
(3 mm per scan). The number of nips detected at the appropriate threshold were 
found to be the same as for high resolution scanning, for both single and 
superimposed views. 
For yarn 2, the algorithm was again showed to measure the nips fairly effectively. 
However, the standard deviation of nips per metre was found to be higher than those 
determined through manual inspection. The use of two orthogonal views did not 
make much difference to the nip per metre count at the required ratio threshold 
sensitivity. The ratio algorithm was shown to work at low length-wise resolutions. 
Further work is needed, to optimise the moving average filter length for this type of 
yarn (see addendum). Also, actual nip-to-nip distances measured manually need to 
be correlated with the yarn data in further tests, once the filter length is optimised. 
For flat yarns, the L YSS was unable to find a correlation between back-lit yarn 
image diameter and the presence of nips. The problem was thought to be largely due 
to confusion between the nips and twists in the yarn. It is thought that further tension 
is required, as well as modifications to the guiding method. The nips were shown in 
preliminary tests, to be detectable when using front-lit high magnification imaging 
with the same processing method used to detect twist on spun yarns. Due to the 
unobtainable processing requirements of high magnification imaging at high speeds, 
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this front-lit method is not seen as practical unless further developments (proposed in 
Chapter 9) can be proven to work. 
It remains for further work to exhaustively test the algorithm on intenningled yarns 
of varying tensions and specifications. The most important next step is to correlate 
the detected nip diameter ratios with the nip structural stabilities. The stability can 
be found by cyclic loading of the yarn. If such a correlation exists, then the vision 
approach to nip detection would not require destructive testing of yams to measure 
the nip qualities, and would be a most useful tool indeed. 
229 
7 - Yam hairiness. 
7.1 Introduction to yarn hairiness. 
The following chapter is dedicated to applying yarn image analysis to yarn hairiness 
inspection. It begins by introducing the concepts important to hairiness study, as 
well as the problems inherent in its measurement and definition. This is followed by 
a review of important literature on hairiness studies, covering the classical manual 
methods of measuring hairiness, as well as previous automatic techniques. For any 
inspection system to be attractive to the textile industry, it usually needs to conform 
to or perform as well as current standards. Therefore, included in this review are the 
more well-known commercially available hairiness testers. 
Section 7.4 explains a set of previously researched hairiness indices which are 
appropriate to yarn image analysis, and which make use of the detailed information 
available. It also includes measures of hairiness designed in the past for use by 
photo-optical hairiness instruments, and never before used on yarn images. 
A special index, unique to this thesis, is developed with the aim of assisting the 
understanding of the influence of short-hair hairiness on the Uster Tester 3 and the 
L YSS. Section 7.6 covers a series of tests carried out on different types of yarn and 
spinning systems. The results are correlated to the Uster Tester 3 hairiness meter, 
which measures overall hairiness, as well as with the new index, and previously 
established transverse scanning indices. 
The chapter finishes with a conclusion and suggested further work section. 
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7.1.1 The importance of hairiness analysis. 
Yarn hairiness is a term used to describe a feature of staple fibre spun yarns that is 
both useful and a hindrance. It is useful in that it adds texture and insulating 
properties to yarns, but it is also a hindrance in that it can interfere in knitting and 
weaving processes, causing breakages, as well as adversely affecting the fabric 
appearance. It also contributes to yarn attrition, causing the wearing of textile 
machine components. Much work has been carried out by textile technologists in 
hairiness studies since the 195080 and many attempts have been made to measure it 
effectively. Owing to the considerable increase in production speeds for spinning 
and weaving, it has become important to monitor and control hairiness [Barel\a, 
1983, p. I]. 
7.1.2 How is hairiness described? 
The hairiness of yarns is a feature due to fibres emerging from the core of a yarn in 
one of three forms. The first form is where fibres have either one or both ends 
protruding from the yarn core; these are called protruding ends. The second form is 
where fibres have both ends embedded in the core and so form small loops or arches. 
Hence these fibres are called loops. The third form is known as 'wild fibres', where 
one end of the fibre is gripped by the twist in a yarn and most of its remaining length 
protrudes outside. 
"Wild fibre 
"-Protruding end 
Figure 7. J -/ - The fibres causing hairiness 
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7.1.3 Problems in measuring hairiness. 
Since the 1950s, more than 40 different methods of hairiness measurement have been 
developed, which is an indication of the problems involved in defining hairiness and 
measuring it precisely. Up to 1993, around half a dozen meters had been marketed. 
[Barella, 1993a, p. 1] 
The two basic components of hairiness measurement are the number of hairs and 
their lengths. Most protruding hairs exist near the core and are less than 1 mm long 
[pillay, 1964]. These constitute the short hair hairiness [Barella et al., 1992]. From 
1 mm to 3 mm are the medium length hairs, in this thesis tenned medium hair 
hairiness (my own terminology). Longer hairs (up to 10 mm or more) constitute 
long hair hairiness [Barella et al., 1992]. The three components are best described in 
frequency / hair length diagrams (i.e. numbers of hairs against categories of hair 
lengths.) 
Various indices have been developed to try to measure 'overall hairiness' which is 
the combined effect of the three types of hairiness. However, they are often affected 
more by one type of hairiness than by another. Other indices attempt to isolate one 
type of hairiness from the other, and one of these is reviewed in section 7.4. 
Nearly all hairiness measurement methods rely on obtaining a plane view of the yarn 
profile, either in the more common longitudinal planes [for example see Pillay, 
1964], or in cross-sectional planes [for example see Ford, 1958], shown in Figure 
7.1-2. The cross-sectional plane is more difficult to obtain in practice than the 
longitudinal, and still suffers from the problem that the hairs may not be in the 
projection plane. However, it needs to be remembered that hairs do not stay in one 
plane, but can and do travel in all three dimensions. Consequently, the actual length 
of hairs cannot be identified with the method of viewing a plane ofan unguided yarn. 
This is true for those hairs travelling either in front of or behind the plane. 
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Cross sectional plane Longitudinal plane 
Figure 7.1-2 - The plane projections - longitudinal and cross-sectional. 
It is also difficult to identifY loops, since to precisely measure loop dimensions they 
must be wholly in the plane of the projection. Furthermore, it is difficult to 
distinguish loops from fibres which, after exiting the core, curve around enough to 
have part of the hair in front of or behind the core. For spun yarns, this is frequently 
the case, since many loose wild fibres continue the twist helix shape from fibres in 
the core, but with a larger radius. These features were verified when inspecting 
yarns with the rotational linear slide mount descnbed in Section 5.3.1, p. 135. 
Finally, another serious issue is the effect of yam rotation during measurement. 
Spun yarns have an imparted twist to obtain fibre cohesion and yam strength. 
Furthermore, the conventional unwinding process on bobbins inserts twist into the 
yam (which applies to all types of yam). This twist causes the yam to rotate on its 
axis as it travels through subsequent handling equipment, especially in the presence 
of 'twist stops', which cause the twist to accumulate behind the stop. The rotation of 
the yam affects the apparent length and protrusion angle of the protruding fibres. A 
proposed solution to this problem is given in this thesis through the yam plate 
guiding method. 
7.2 Hairiness literature review. 
A convenient and comprehensive reVIew of most of the literature concerning 
hairiness between 1952 and 1992 was covered in two publications by the Textile 
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Institute in their 'Textile Progress' series [BareUa, 1983; BareUa, 1993a]. They 
mention most of the important developments concerning hairiness, but act mainly as 
a reference source to literature, along with the conventional database sources. 
The following survey on hairiness literature includes the fundamental principles of 
hairiness measurement, starting with the classical methods. It needs to be recognised 
that there are many more papers relating to the subject than are found below. 
7.2.1 Optical or photographic methods. 
Optical methods were the first to be applied, from which early classical hairiness 
definitions were derived [Barella, 1983, pp. 2-6]. The principle was to magnify the 
profile of a yarn for manual measurement and counting of hairs. This was done 
either using a projection of the yarn onto a screen or by a microscope. The hairs 
emerging from the yarn core were each individually counted and their lengths 
measured by the human eye. Photographic techniques differed from optical 
techniques in that the yarns were photographed and the pictures analysed in much the 
same way. The yarns were analysed mostly in the longitudinal projection, but 
occasionally they were also analysed in the cross-sectional view [Ford, 1958]. 
The hair lengths were determined either by counting the number of hairs crossing 
line boundaries at pre-determined distances from the yarn core, or by using 
'curvimeters' [pillay, 1964]. The latter is one of the unique features of the manual 
optical method in that the curves of the hairs in the plane of the yam image can be 
accounted for (but only by painstaking measurement). 
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Figure 7.2-I-Principle o/manual hairiness measurement. 
There are many papers on this method from the early days of hairiness analysis 
(1950s). These papers give a lot of information on how hairiness was affected by 
fibre characteristics such as length distribution and fibre fineness, and the process 
parameters such as twist, spindle speed and yarn count. 
One later paper of particular interest is by Goswami [1969]. A problem with most 
hairiness methods is that they use the plane of projection rather than view the yarn 
three-dimensionally. Goswami attempted to overcome the problem of the plane 
projection by designing a rotatable yarn clamp. For each hair along the yarn, he 
would rotate the yarn to get the longest projection possible of the hair. The papers 
by Goswami and Pillay also deal with important textile theory relating to hairiness. 
The optical methods provided much information on hairiness, and led to the 
development of classical hairiness definitions. Although these methods were 
tedious, they were sometimes used as a standard by which other testing methods 
could be compared. 
7.2.2 Photoelectric methods. 
The earliest photoelectric methods were a hybrid with the optical methods described 
above. They consisted of measuring the yarn diameter photo-optically and photo-
electrically. The yarn intercepted a light beam incident on a photo-sensor, giving the 
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photo-electric diameter. It was also projected onto a screen, and the diameter was 
measured manually. The ratio of the two diameters was a function of the hairiness. 
Several research papers addressed this topic, including an important one by Onions 
and Yates [1954]. They developed a series of hairiness ratings of yarns from visual 
appearance, and show a good correlation between these ratings and the hairiness 
from the diameter ratios. This work had important implications for the development 
of optical yarn evenness measurement. However, they mention that the diameter 
ratio method involves a subjective measurement which might be hard to standardise. 
The majority of photo-electric methods, which make up the bulk of hairiness 
measurement even today, were fully automatic. Except for the Uster Tester 3, they 
all use the principle whereby a heam of light would be set at a given height above the 
yarn axis, and perpendicular to it. The hairs interrupt the beam and are detected by a 
photo-cell. By counting the output pulses of the photo-cell, it is possible to ascertain 
a quantity proportional to the number of hairs at a given distance from the yarn core. 
L-~D.------~--~---------
photocell 
light 
Figure 7.2-2 - The principle of photo-electric hairiness measurement. 
A paper of great interest by Slack [1970] describes the first and most commercialised 
of the photoelectric methods - the Shirley Hairiness Meter. This device is described 
in more detail in Appendix E. The paper gives insight into the construction of the 
device and its optical resolution, which is of particular interest to the present study. 
Important assumptions and drawbacks regarding its operation are described. In 
particular, the instrument is unable to resolve hairs that are less than 0.5 mm apart. 
This makes it unsuitable for measuring short hair hairiness. 
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A device commercialised at the same time as the Shirley was the CRITER-DAM II 
[C.R.I.T.E.R., 1961]. It used an electrostatic field applied around the yarn to raise 
the hairs into a single plane. A light-beam / photo-sensor was then used to count 
hairs more than 3mm from the core. The advantage of this is that the true length of 
hairs is measured. The argument raised against it by Barella et al. [1992] is that hairs 
which otherwise lay close to the core would be erected, causing induced hairiness. 
Slack [1970] discovered that when he applied electro-static charges to the yarn with 
his Shirley device, the number of hairs detected increased, but proportionately so, to 
the number without electrostatics. He therefore dropped this method. He does not 
state whether the field was applied to stand the hairs in a single plane or to just stand 
radially from the core. 
One of the more modem hairiness devices, the Zweigle G565 hairiness meter, uses 
the same principle as the Shirley device, but with more than one sensor (12 sensors 
in the newer model). This gives it the ability to determine the hair-length 
distributions of the yarn hairiness. A publication from the Zweigle Institute 
[Zweigle, 1989] describes in detail how the Zweigle hairiness index is derived, using 
a model which assumes that the hair-length distribution around the core is 
exponential. The Zweigle G565 hairiness meter is more fully described in Appendix 
E. It is important that the L YSS instrument is capable of correlating yarn image 
hairiness data with photo-electrical hairiness data, for example from the Zweigle, due 
to the popularity of the latter method. Consequently, software has been written to 
enable this simulation, which requires correlation to the Zweigle in further work. 
7.2.3 Other important papers relating to hairiness. 
A paper by Hinze and Viertel [1989] describes the use of the optical Fourier 
transform to determine different types of textile defects, reviewing many aspects 
without going into much detail. It describes a system methodology that uses both an 
area scan CCD and a line-scan CCD to image yarns. It shows that front-lighting can 
be used to measure certain textile properties which back-lighting cannot (such as 
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colour evenness). It also shows the use of dark-field imaging of the yam (Section 
5.5.3) and claims a high accuracy for its hairiness measurement. 
Thomas [1990], notably a manufucturing systems editor, discusses the importance of 
hairiness measurement for on-line production. He states that if an on-line system 
was used, then the cost benefits would be "enormous". Hairiness could be 
eliminated to the required degree at its source. 
The exponential hair-length distribution function. 
It was found in experiments by a number of researchers that the number of hairs 
detected at increasing distances from the yam core took the form of an exponential 
function [Lappage & Onions 1964, also see Barella 1989 p.32]. This is found 
experimentally (on the Shirley instrument for example) simply by moving the photo-
sensor distance from the yam core, and is called accumulative counting. Hairs found 
at, say, 4 mm would also have to be present at 3 mm from the yam core (except for 
occasional very long curled hairs). By subtracting those at 4mm from those at 3mm, 
it is possible to determine the number of hairs in the region of 3mm to 4mm. This is 
called differential counting. The differential distribution of hairs against hair length 
forms an exponential function. 
This is of interest because when plotted on logarithmic paper, the points form a 
straight line. The regression of this line enables the line to be extrapolated to 
intersect the two axes at important points. One point gives the theoretical maximum 
hair length, and the other gives the theoretical total number of hairs in the yam. 
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Figure 7.2-3 - The exponential nature of the hair length distribution. 
In Figure 7.2-3, the points form a straight line which, when regressed and 
extrapolated, intersects the axes at point A and point B. Point A is the theoretical 
total number of fibres in the yam, and point B is the theoretical maximum fibre 
length. 
A paper by Lappage and Onions [1964], describing a new photoelectric meter, 
explains how this exponential function can best be represented by a ganuna function 
(which at its limit is an exponential function). They then perform tests to show how 
the theoretical and practical distributions compare, and the results are very 
conclusive. 
Barella and Manich [1993] use the Zweigle G565 meter to determine the hair-length 
distribution of a number of different yarns under different conditions. They reach 
some important conclusions, one being that the distribution is formed by two 
exponential functions, showing as two slopes on the logarithmic graph. The first 
slope occurs before 3mm and the second after 3mm. For some yarns this occurs at 
2mm. This was also verified by the L YSS photo-sensor simulation on preliminary 
tests involving a series of woollen ring spun yarns, with the exponential function plot 
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of one of the yams shown below in Figure 7.2-4. The points on the axes are 
calculated from a linear regression, along with the best fit line. 
Barella and Manich also conclude that the type of fibre, blend or even spinning 
system does not change the exponential nature of the hair-length distribution. It only 
changes the slope ofthe straight lines on the logarithmic scale. 
Figure 7.2-4 - LYSS output showing change in logarithm gradient after 2mm Jor a 
ring spun woollen yarn. 
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7.3 Realising the yarn fibre lengths considering angular 
distribution. 
As explained earlier in Section 7.1.3, the yarn is most conveniently viewed from the 
side, with the hairs distributed at angles around its circumference. Consequently the 
length of fibres seen by the camera is only correct for those which lie flat in the 
irnaging plane. Furthermore, the longer fibres usually take on crimped or helical 
shapes, and so can move in and out of the irnaging plane. This also applies to fibre 
loops, which exit and re-enter the yarn surface at different radial and length-wise 
positions along the yarn. Such observations are easily made with the yarn rotational 
linear slide mount described in Chapter 5. 
The aim of fibre angular compensation is to present information on hair length 
distributions and total hairiness which is more accurate than simply irnaging the 
unguided free yarn and taking the hair-length distributions directly. The 
compensation should take into account the non-planar geometry and random radial 
distribution ofthe fibres. 
A series of angular fibre compensation solutions are proposed and reasoned in the 
next section. Some are complicated tasks and outside the present scope of this work, 
but are outlined here, and summarised in the further work section of this chapter*. 
1.3.1 Yam guide plates. 
Perhaps the most direct solution is to move the fibres into the correct plane 
mechanically using glass plates. The yarn is then irnaged through these plates. The 
optical conditions which optirnise the spatial resolution for this method are derived in 
Section 4.5.2. This section, however, is concerned with the effect of such a 
procedure on the hairiness information received. It also considers the practical 
advantages and disadvantages of this method, determined experimentally. 
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Barella el al. [1992] argues that it is not advantageous to alter the yarn geometry 
using electrostatics since this creates an artificial hairiness which is not the real one. 
There are no references in textile literature to mechanically guiding or rolling the 
yarn for hairiness detection. The fundamental difference is that electrostatics will 
straighten the hairs, whereas plate guiding will only change their radial position (with 
slight alteration to their length due to wrapping around the core). 
One such guide plate has been made and is shown in Figure 7.3-1. The glass plates 
can be spaced either 0.5= or I mm apart, to account for a wide range of yarn 
thickness. 
The glass plates are made from microscope slides, and do not vary in thickness 
enough to cause substantial phase distortions in the object wavefront. Consequently 
the plates can also be used for coherent irnaging. Dark-field coherent irnaging is 
more difficult due to the relative strength of fringes from frontlback reflection 
interference of the plates. An examples of this is shown in Figure 5.5-21, p.165. 
Figure 7.3-1 - Slatic glass plale yarn guide made for use with the LYSS. 
I n principle, two orthogonal views of the yarn could still be viewed using the guide 
plate configuration, since a mirror could be placed which viewed the yarn through 
the plate gap, as well as through the plates themselves. This has not been included in 
this current design, which is meant as a testing stage to a better design proposed in 
Chapter 9, (seen in Figure 9.2-1, p. 310). 
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After implementing the static guide plates shown above on the L YSS, a number of 
preliminary observations and conclusions were made. Most of these would have to 
be verified once the newer guide system was made. 
i) The guide plates have to be separated by an air gap which can allow the yarn 
core to pass freely between them, allowing for the possibility of thick places 
and neps. Consequently there is still a finite field depth in which the shorter 
hairs especially, can be displaced at angles to the guide plane. This gap 
however would be typically only 0.5 mm for yarn cotton counts more than 16 
(diameter less than 0.25 mm). 
ii) Static plates are not practical due to the ease of particle contamination on the 
guide walls. These appear as streaks in the yarn image, which would require 
extensive image processing to remove them so as not to affect the hairiness 
information. One such processing algorithm has in fact been successfully 
implemented within the L YSS image processing software, but is not 
described in this thesis since the static plates are to be replaced by dynamic 
plates. A self cleaning guide plate mechanism is required, which is 
incorporated in the proposed design shown in Chapter 9. 
iii) The plates had a beneficial effect on preventing yarn rotation from moving 
the fibres during image acquisition. Care was taken to prevent 'twist stops' 
in the L YSS, but it was impossible to completely prevent the yarn from 
rotating through the measuring area. However, it was discovered that the 
plates caused long fibres (> 3mm) to remain held in a constant angular 
position for a short distance into the guide. The yarn still rotates, increasing 
the forces of the hairs against the walls, and eventually causing the hairs to 
'flip' around to the other side of the core within the guide gap. However, this 
did not appear to happen within the first 8 mm of the guide. Consequently the 
CCD scan line should be targeted at a point in this initial section. 
iv) The plates prevented the fibres from vibrating due to mechanical tension 
vibrations from the capstan rollers. Vibration was known to be a substantial 
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problem in the unguided yarn tests of this chapter and Chapter 7, and could 
only be reduced by using high yarn tensions approximately above 30 cN. 
v) The static plates caused the hairs to drag along the plate walls, thus affecting 
their elevation angle substantially. This does not affect measurement of 
overall hairiness as much as the measurement of fibre distances from the 
core. Through the use of guide walls which move with the yarn (see design 
in Chapter 9), this problem would be overcome. 
vi) The entrance of the fibres into the plate entrance needs to be controlled 
mechanically, such that the angles of the fibres are gradually displaced, rather 
than just allowing the fibres to collide with the plate walls. If the guide plates 
were moving at the same speed as the yarn as shown in the proposed solution 
in Chapter 9, this entrance guiding is not necessary. 
A further set of conclusions were made regarding the theoretical considerations of 
the guide. 
i) The fibres which are moved into the correct plane will be wrapped around the 
circumference from their point of exiting the core to the aligned position in 
the air gap. This wrapping will not shorten long fibre lengths significantly 
when their length is high in proportion to half the yarn circumference. For 
smaller fibres, though, the wrapping will significantly shorten their apparent 
length. Without the guide plates however, the angular displacement of the 
shorter fibres will affect their apparent length just as much - if not even more 
for those at large angles to the irnaging plane. This approach, although not 
perfectly restoring fibres to their correct length in the image, will certainly 
improve them - the longest fibres benefiting the most. 
ii) Very short fibres which either only just protrude from the yarn surface, or 
which form surface lying fibre loops, are not affected by this method, since 
they are not long enough to be deviated by the plate walls. These lengths, 
however, are so small (for a 0.5mm glass plate and 0.25 mm diameter core, 
the lengths which will not be deviated at all are less than 0.125 mm), that they 
are not norrnally included in conventional hair length distribution studies in 
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any case. Admittedly this is because they cannot be physically measured at 
this length using conventional photo-sensor instruments, except for the ones 
lying exactly in the imaging plane. Usually the density of fibres at this 
distance from the yarn core for a typical rotor spun yarn, for example, is too 
high to count hairs and hair lengths individually. One such example is shown 
in Figure 5.2-3, p.131. A more appropriate method for determining this 
quantity is to use dark-field imaging, where the surface fibres cause diffracted 
light energy to reach the sensor. Experiments for this technique are shown in 
Chapter 5. 
The guide plate method represents a significantly different approach to yarn hairiness 
inspection. Some researchers may in future, argue that no hair guiding method 
should be used on the yarn, since they deviate its state from the normal. Indeed, a 
design is given in chapter 9 for an improved non-guiding method to image yarns. It is 
my contention though, that the hair lengths are not significantly altered from their 
original state, but just view from the correct angle. 
In conclusion, the combined benefits of mechanical stability, depth of field 
limitation, 'true' representation of hair lengths, and less sensitivity to yarn rotation, 
make this the most attractive solution. 
7.3.2 Fibre exclusion 
The definition of fibre exclusion in this instance is where fibres which do not lie 
within a certain angular region of the imaging plane are excluded either from the 
object or from the image. Slack [1970] suggested that the fibres are distributed 
purely randomly around the yarn circumference. Consequently the exclusive 
measurement of fibres within a restricted sector (in this case 75 degrees), could be 
taken as a sufficient sample representing the whole circumference. The hairs within 
that sector would have more accurate lengths in the image, within the limit of how 
small the sector was allowed to be. 
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Fibre exclusion has not been implemented within the L YSS, and is only discussed 
here to provide a complete, reasoned discussion on approaches to hairiness 
measurement. 
Object fibre exclusion could be achieved through mechanical means such as grooves 
(as in the Shirley Hairiness Instrument - see Appendix E). It could also be achieved 
by mechanical plates, which guide hairs away from rather than towards the imaging 
plane (see Figure 7.3-2). The plates would begin guiding the hairs a small distance 
from the measuring area, and would change their orientation such that they moved 
the hairs away from the measuring sector. The displacing plates would merge into 
glass plates such that the core could still be imaged. 
Figure 7.3-2 - Possible method/or exclusion a/fibres on object. 
Fibre exclusion in the image could possibly be achieved usmg McCutcheon's 
theorem, as described in Appendix B and discussed in Chapter 4. In this case, the 
pupil function is designed such that the Strehl ratio would rapidly decay to zero past 
the imaging plane depth. Fibres not in the imaging plane depth would be blurred 
sufficiently to avoid being detected. An approximation to this method is of course to 
open the aperture so that the imaging plane depth corresponds to the classical depth 
of field. However, the drop off in the Strehl ratio in this case corresponds to the first 
slope of a sinc function, and is therefore not as rapid as would be possible by pupil 
design. 
Fibre exclusion appears quite an attractive solution, from the point of view of the 
clarity and meaning of the data it would produce. The hairs measured would have 
correct lengths. However, the image exclusion method outlined above does not 
overcome yam rotation in the same way as the use of guide plates described 
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previously. It would be important, if exclusively measuring hairs in the imaging 
plane, that the core was not rotating, since this would deform the apparent image of 
the already decimated sample. It would be useful in further work if a fibre exclusion 
method could be implemented, and compared against unguided yarns and plate 
guided yams. Thus, if successful, the necessity for plate guiding, depth of field 
correction, or statistical compensation could be completely avoided. 
A further point to be raised towards fibre exclusion, is that the CV% for hairiness at 
variance lengths used by present commercial hairiness, would be significantly 
increased. This is verified by the tests in section 7.6, exclusive to this thesis, where 
the counting of hair pixels on both left and right sides of the core, has a 20% smaller 
CV% at I cm, than when counting hair pixels on just one side. Although this is to be 
expected, it points to the fact that short length variations in the yam hairiness, which 
have consequences to physical processes, cannot be monitored reliably when using 
fibre exclusion. 
7.3.3 Statistical hairiness modelling. 
In my research, some theoretical work was done to define a yam model which could 
adequately simulate a real yam. Owing to the current negative conclusions for its 
use, it is only outlined briefly below. 
The aim of the model was to be able to generate an unguided yam in a three-
dimensional matrix within computer memory, and simulate a projected image of the 
yam when viewed from one side (longitudinal plane). By knowing the hair length 
distributions which generated the yam, and by measuring the hairs in the image in 
the normal way, it would be possible to understand the losses and statistical 
consistencies when measuring from one or two views. It would be also be potentiaiIy 
possible to simulate other physical affects such as misfocus, and fibre transparency, 
although each of these would be very complex tasks. 
It was further postulated that a series of probability distribution functions (PDF) 
could be generated, which could be used to take unguided yam hairiness data from 
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one View, and with this, predict the hair length distributions for the whole yarn 
circumference. An example of the meaning of a value from one of these functions 
would be the probability that a given hair length within the yarn image corresponded 
to a hair in the imaging plane at that length, or a hair at an angular displacement with 
a longer length. For instance, a short hair in the image may correspond to a very 
long hair at a near right angle to the imaging plane, but the probability of this is taken 
into account in the PDF. 
In attempting to realise this proposal, however, it was reasoned that a prior 
knowledge of a particular yarn's hair length distribution is required to generate these 
PDFs. Therefore there is no advantage in this technique, since the information being 
sought has to be known before measurement. 
If in further work it could be shown that the hair length PDFs for real yarns (with or 
without faults) had very similar properties from yarn to yarn, then the technique 
might still be of use. The hairiness of a yarn could therefore only become 
objectionable if the overall number of hairs was too high or too low, rather than any 
variations within the hair lengths. 
7.4 Hairiness indices and algorithms appropriate to line-scan. 
Index development for yarn images is, I believe, still in its infancy, since with the 
imaging technique much information is available about the hairiness. To the best of 
my knowledge, this has not been taken advantage of in other research to date. By 
systematic correlation with extensive test data, certain indices could be developed 
which would be capable of correlating highly with other forms of hairiness 
measurement, as well as determining previously unobtainable yarn characteristics. 
7.4.1 The coefficient of variation C\I"/ci 
The coefficient of variation, or CV%, is a statistical term which is heavily used 
throughout the textile industry. The coefficient of variation of any variable is 
defined as: 
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CV% = Standard deviation x 100 
mean 
It is useful because its magnitude does not depend on the magnitude of the variable, 
unlike standard deviation. 
7.4.2 Previously established indices. 
In this section, indices which have been found in literature regarding transverse line-
scanning instruments are reviewed. All these indices are included as options within 
the L YSS. The following hairiness definitions were designed by their authors to be 
ideal for fast line-by-line calculation with no overall intage processing. This made 
them suited for the CCD application, and for possible real time application. 
V index: 
This first appeared for use with the BV hairiness meter, and later the ITQT hairiness 
meter (see Chapter 2). 
v is the integration of hair pulses on each scan. This includes the pulse widths. A 
normal light profile from a hair is V shaped, but thresholding circuitry within the 
ITQT and BV hairiness meters condition the hair profile pulses to constant height 
rectangular pulses (Figure 7.4-1). The index is then averaged over all scans, to give 
a V index value per unit length for a given yam sample. 
---. Ln,---, 
Figure 7.4-1 - Signal conditioning for generating the V index. 
The V index is termed by its inventors as the total hairiness and has been shown by 
BarelIa and Vigo [1974] to correlate very closely (regression of 0.85) with the 
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classical hairiness parameter 'accumulated length of protruding lengths and loops' 
determined manually. 
The V index, as a measure of overall hairiness has certain advantages: 
• The curves on hairs increase the hair lengths in reality, but are not normally taken 
into account by discrete hair-length counting. However the curves will increase 
the number of hair pixels in the image and thus increase an accumulative pixel 
index over the area the hair lies. 
• Hairs usually do not lie normal to the core, and lie at angles. Discrete hair length 
counts (such as with the Shirley or Zweigle instruments for example) assume that 
all hairs lie perpendicular to the core. Hairs which have non perpendicular 
positions on the yarn are longer than the perpendicular distance from their tip to 
the core (simple Pythagoras). Hence the V index will account better for angled 
hairs in the projection plane than indices derived from conventional sensors. 
Conventional sensor and light beam arrangement 
_
______ ~__ yarn travel. 0---7''---=::':''::''::> 
assumed length 
Yarn core 
--------------~--
Figure 7.4-2 - The problem with conventional hairiness meters unable to account Jor 
angled hairs. 
The V index is given the units pixels per line in the L YSS. 
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L index: 
This is the distance of the intersection which is furthest from the yarn core for each 
scan. It is then averaged over the number of scans in the unit length. 
Scan line 
• 
L for this scan 
Figure 7.4-3 - The definition of the L index. 
The L index was intended to show the hair length aspect of hairiness rather that total 
hairiness, but was found to correlate less weU with classical hair length parameters. 
[BareUa 1983 p.18]. 
V-L and VIL: 
It became apparent to BareUa & Viaplana [I 973b] that these indices should be used 
in conjunction with each other to give an indication of the type of hairiness on the 
yarn. 
Tests showed that the value V-L (the difference) could distinguish between yarns of 
different type of hairiness - short or long. In more recent work [BareUa et al. 1992], 
they found that the V index was not as closely correlated to the UB H index as 
would be expected since these two indices both measure overaU hairiness. The V 
index tended to deviate from the UB H index for yarns with more short than long 
hair hairiness. They found that L index could not meaningfully be applied on its own 
to measure long-hair hairiness, (tested for this fucility by using comparisons with the 
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Zweigle 0565). However the combination of V and L in terms ofV-L was found to 
be more meaningful as a measure of the type of hairiness on the yarn. 
A further development to this argument is given below for the M index. 
7.4.3 New indices developed for the L YSS. 
A number of indices have been developed during the research for the L YSS, some 
measuring long hair hairiness. However, the commercial instrument tested against in 
this thesis (the Uster Tester 3) measures just overall hairiness, only the M and NL 
indices are relevant to this thesis, and are described below. 
NL Index. 
This index was produced in the work for the L YSS towards simulating the Zweigle 
0565 instrument (L index) [Zweigle 0565]. It is one of a number of indices 
developed for the first time here, for CCD imaging, which allow the system to output 
results similar to classical hairiness parameters or other contemporary hairiness 
meters (such as the Shirley Hairiness Index or the Zweigle 0565 H & L indices). 
When boundaries are drawn parallel to the yarn axis, and the hairs intersecting these 
boundaries are counted, there are more hairs nearer the core than at further distances. 
This is termed accumulative counting. Differential counting is where the number of 
hairs intersecting a particular boundary is subtracted from those of the boundary 
adjacent to it nearer the core. Therefore the number of hairs terminating in each 
bounded region can be calculated. Figure 7.4-4 and Figure 7.4-5 from the L YSS 
hairiness module illustrate this procedure in histogram form. 
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Accunulative hair-length counts 
<5.00 -) 58 
(4.62 -) 71 
<4.25 .... ) BB 
<3.88 -) lB3 
<3_SO -) 273 
(3.t2 ..... ) ",e 
<2.75 .... ) G7B 
<2.38 -) 1001 
<2.00 ..... ) 1559 
(t .B2 .... ) 2573 
(t .25 .... ) 
<0.88 .... ) 9571 
(0.50 """') 21550 
Figure 7.4-4 - Program output of the accumulative hair / boundary intersections at 
increasing distances from the yarn core 
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Discrete hair-length counts 
<4.62 - 5.00 .... ) 13 
<4.25 - ·~L62 ..... ' 2S 
<3.88 - ""1.25 MM' G7' 
<3.SO - 3.BB ... ) ItO 
(3.12 - 3.50 ..... > 145 
<2.75 - 3.t2 .... ) 28t 
<2.38 - 2.75 .... ) 322 
<2.00 - 2.38 ...,,) 
1014 
<1.25 - 1.62 ..... ) 2211 
(0.88 - 1.25 ..... , .. 787 
11979 
Figure 7.4-5 - Program output of the differential hair / boundary intersections at 
increasing distances from the yarn core. 
If the quantities from the differential count are multiplied by their respective 
distances, a value relating to the total accumulated hair length is given. This quantity 
is affected by both short hair hairiness as well as long hair hairiness and is given here 
the symbol NL. 
The NL index is given the units mm of fibre / cm of yarn in the L YSS. It is very 
similar to the classical hairiness parameter NIL I defined by Barella [1983]. This 
index is the number of hairs per unit length, multiplied by their lengths as determined 
by optical projection and manual counting. 
The NL index, being derived from a photo-sensor device simulation, is not 
practically able to include hairs less than around 0.5 mm from the yarn core surface. 
Indeed the Shirley Hairiness Meter will not allow the sensor heights to be less than 
0.5mm. 
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This restriction is commonly understood in the literature, and occurs for two reasons. 
Firstly, the yarn core width changes, and so therefore, does the zero length position 
of the hairs. If the sensor height is set too close to the yarn core, then variations of 
the core width would make a fixed sensor height have a misleading hair count. The 
hair count would include hairs of a range of lengths depending on the variation in 
core diameter. This, of course, applies to all hair length distances. However, due to 
the exponential nature of the number of hairs at fixed boundaries away from the core 
explained previously, the problem is more amplified at short hair distances. 
The second reason is that the density of fibres near the core, especially for rotor spun 
yarns, becomes such that high resolution is needed to resolve them in both the 
transverse and length-wise directions. Photo-sensor devices do not have this kind of 
sensitivity [Barella et al. 1992]. 
Although the NL index for the L YSS is a measure of overall hairiness, it would be 
expected that it would be less sensitive to short-hair hairiness than the V or M indices 
described previously. 
The boundaries at which the hair crossings are determined, for the hairiness tests of 
this chapter are given in mm below. The zero point is determined from the nominally 
determined yarn core edge. The boundaries are chosen so as to be equi-spaced 
between 0.2mm and 5.0 mm from the yarn core. 
0.2,0.64,1.07,1.51,1.95,2.38,2.82,3.25,3.69,4.13,4.56,5.0 
M index 
This index has been specifically designed for the L YSS, and was intended to clarifY a 
failure of the V index seen by other researches [Barella et a1.1992]. It represents the 
integrated shadows from hair profiles. This is essentially the same as the V index, 
except that the image is not thresholded to produce hair pixels. Instead the grey 
levels for all hairs are integrated for each scan line. The values that are integrated are 
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in fact the difference between the locally determined background illttntination grey 
levels, and the hair grey levels. 
The M index was designed and implemented into the L YSS, due to the fact that it 
was observed during preIiminary tests that the V index favoured yarns higher 
proportions of long hair hairiness (specifically ring-spun yarns). The reasons for this 
were because the peripheral fibres which are not close to the core, have shallower 
shadow depressions in the line light profile. This is due to yarn motion (lengthwise 
low pass filtering of the image resolution), and fibre vibration amongst other things. 
By thresholding, the hair is converted into pixels, but there is no inclusion in this 
process, of the fibre diameter, or the fact that the fibre may not have completely 
occupied the line it is detected on. (This is especially true for non-unity aspect 
rations). The grey levels, on the other hand, do reflect this information. By 
integrating the grey levels, rather than counting thresholded pixels, there would be 
less favouring of long hair hairiness. The use of the M index, comparisons with the V 
index, and associated conclusions are given both sections 7.5 and 7.6 of this chapter. 
The M index for the L YSS is given in units of grey levels (DN) per line. 
7.5 Comparison between coherent dark-field hairiness, hairiness 
from binary images, and hairiness from the grey level image. 
7.5.1 Test descriptions. 
By using the image joining technique (section 5.3.4) on the yam images from the 
yarn sample 3 of chapter 5, a continuous high resolution yarn image can be made. 
Consequently, a comparison can be made between the V and M indices calculated 
from yarn images captured using coherent back-lighting, as well as the hairiness 
calculated from the integrated diffracted light from the dark-field image. The proviso 
to this comparison being valid, is that the yarn is captured in exactly the same 
orientation between the two forms of illumination. (In practice, such a comparison 
256 
Chapter 7 - Yarn hairiness 
has to be carried out with extreme care, as the slightest rotation in the yarn 
considerably affects its surface fibre detail). 
In this section, the rotor spun yarn sample 3, is imaged along its entire length (17 
mm). For the dark-field image, the hairiness calculation involves integrating the 
amount of light in each scan line (the lines being vertical in the yarn images captured 
for the tests). This is the same principle as used in the UT3, except in the UT3, the 
diffracted light is integrated over a 1 cm length of yarn. 
The images from the yarn sample (rotor spun, 100 % cotton, 811) used in this test are 
given below, along with plots of the various hairiness measurements along the yarn 
images. The 17 mm sample is divided into approximately 6.4 mm sections for 
graphical display purposes. Consequently three sets of three images are given, each 
set a different section along the yarn sample. 
The resolution of each scan line is 7.16Ilm. The hairiness values are normalised over 
the entire yarn sample width. 
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7.5.2 Test results. 
Sample section 1. 
corn paris on of V mdex, intergraled back ·lit , integrated dark-ground (at! normalised) 
0.9 
0 .8 
0 .7 
0 .6 
o 5 
01 
O L-~~ __ ~~~~ __ ~ __ ~~~~ __ ~ __ ~~~~ 
100 200 300 400 500 600 700 800 900 
plxel along sam pie 
Figure 7. 5-1 - Normalised plots of three sets of hairiness values along the yarn. 
Legend : 
Red = V index. 
Blue = M index or Integrated hair shadow profiles. 
Green = Integrated diffiacted light from dark-field image. 
Image processed yam sample 3 
ptut along sample 
Figure 75-2 - Digitally processed image of sample. 
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coherent dark-ground yarn sample 3 
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Figure 7. 5-3 - Dark-field image oJsample. 
50 
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100 200 
standard grey level yarn sample 3 
300 400 500 600 700 
pixel along sample 
800 900 
800 
Figure 7.5-4 - Un filtered coherent back-lit (flat fie ld corrected) image oJ sample. 
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Sam pie section 2. 
comparison of V index , intergrated back-lit , integrated dark-ground (all normalised) 
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Sample section 3. 
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7.5.3 Discussion. 
coherent dark-ground yam sample 3 
plxel along sample 
standard grey level yarn sample 3 
2000 2100 2200 2300 2400 
plxel along sample 
A few points are worth noting before beginning a discussion on these comparisons. 
Firstly, the comparison with the diflTacted light is only meant to highlight certain 
observations. The precise nature of the filter mask used in the Uster Tester 3 is 
unknown to our research, so a precise comparison between the L YSS and the UT3 in 
view of the tests of this chapter is not possible. Furthermore, the dark-field images 
are not flat field corrected. Consequently there are discrete changes in the overall 
levels of diffracted light in the yarn images, at intervals of around 300 pixels. These 
are due to variations in illumination light intensity across the CCD frames. The 300 
pixels represents the non-overlapping length for each yarn image joined to the 
continuous sample. 
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Upon general inspection of the preceding graphs, a few important points can be 
made. 
The diffracted light from the dark-field image does not vary in the same way as the V 
index and the M index. There appears to be less resolution between high and low 
points, for the diffracted light integration along the yarn length. The plots of 
diffracted light appear to be smoother, with fewer peaks and troughs than the other 
indices. This stands to reason, since a conclusion of section 5.5.3, was that the spatial 
filtering process causes the definitions between the hairs to be blurred. Consequently, 
scan lines which contain mostly small gaps between fibres, are filled in for the 
diffracted light intensity, but have low hairiness values for the V and M indices. This 
reasoning can be verified by inspection of the yarn images. 
The V index, and the M index are very similar in form and variation. This is an 
encouraging result, in that the V index is easier to calculate, and only requires a run-
length encoded binary image. There are differences however. 
In pixel section 1450-1650, there is a higher V index than the M index. This is due to 
the larger proportion of periphery hairs. These hairs have smaller light depressions 
than hairs nearer the core, but still occupy the same number of pixels per unit hair 
area for each case. Consequently the V index is greater here. 
In section 1100-1200, there is a lower V index than the integrated shadow level. This 
is due to the high concentration of hairs near the core. The same applies to section 0-
100, where careful inspection of the image shows several surface fibres, indicated by 
pin-holes of light at the core edge. 
At 2310 there is a peak in the V index due to a hair along the scan line, not seen in 
the other two indices. This is also for the reason that the hair grey levels are smaller 
at distances away from the core. 
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In many sections where there are very dense levels of surface fibres, the diffracted 
light levels do not increase as may be expected. Such a section is at 2200. The dense 
surface fibres also block the back-ground light at these points, and represent core-
frequencies to the filtering system - in that they are attenuated. This shows that the 
coherent dark-field method can not completely distinguish dense surface fibres from 
the core. 
At pixel areas 500 and 600, there are bright flares from fibres in the dilfracted image. 
The fibre at 500 appears to be in a pig tail form. The yarn is 100% cotton, so these 
flares are not due to different fibres. The reason for these flares is not yet understood 
in this research. 
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7.6 Hairiness tests with the LYSS, and the Uster Tester 3. 
The aims of the tests given in this section are to analyse the use of various indices 
obtained from the L YSS, and to compare them to results from the Uster Tester 3 
hairiness attachment. The indices used have been explained previously in sections 
7.4.2 and 7.4.3. 
7.6.1 Test details. 
A series of 9 yarns were obtained for the purposes of these tests. These are listed 
below. 
Table 7.6-1 - Yarns usedfor hairiness tests. 
Name Material Method Cotton Count Roto •• peed TM 
yarn1 65 PoIy/3S CaI ring 16/1 NlA 4.2 
yarn2 65 PoIyl 35 Cot rotor 15/1 UnknC>NTl 3.8 
yarn3 100 Cottoo rotor 8/1 UnknOM'l 3.4 
yarn4 100 Cottoo .etor 8/1 UnknC>NTl 4.65 
yarnS 65 PoIy/35 Cot ,alor 2611 UnknC>NTl 3.7 
yamS 65 PoIy/35 Cet ring 25/1 NlA 3.8 
yarn7 100 Cotton .etor 20/1 102.8 K UnknC>NTl 
yam8 100 Cotton retor 20/1 122.0 K 150Jpm UnknC>NTl 
yam9 100 Poly AJT NlA NlA 
The yarns were scanned at 0.066 mm length-wise resolution (aspect ratio 1:4). 
The magnification was set to 0.83, aperture at F16. 
The lighting used was incoherent back-lit field lens assisted. 
265 
Chapter 7 - Yam hairiness 
7.6.2 Results and discussion. 
The following two tables show results from tests carried out on the yarns to measure 
the hairiness via the L YSS and the Uster Tester 3. The first table shows results from 
indices which use both sides of the yarn core (double sided indices), that is the left 
and right of the core in the image. This should not be confused with the use of both 
orthogonal views of the yarn. The second table shows indices that use only one side 
of the core. 
Table 7.6-2 - Indices of yarn hairiness test results using both sides of the yarn core 
Name Material Method Cotton UT3H UT3H LYSSV LYSSV LYSSM LYSSM 
Count index CV% Index CV% index CV% 
!/plx /OM 
yam1 65 Payl 35 Cott ring 16/1 6.60 22.12 14.13 21.70 1865.95 16.73 
yam2 65 Pay/35 ColI retor 1511 5.28 29.17 6.45 46.97 1520.65 19.90 
yam3 100 Cotton rotor 6/1 6.61 27.38 11.74 37.43 2002.66 22.46 
yarn4 100 Cotton rotor 811 5.63 27.89 8.07 61.23 1759.19 34.57 
yam5 65 Pay/35 Cott retor 26/1 4.45 28.99 6.12 56.31 1425.98 24.07 
yamS 65 Pay/35 ColI ring 2511 6.05 23.80 12.25 26.02 1520.72 17.00 
yam7 100 Cotton rotor 2011 4.62 29.00 5.65 46.64 1604.19 18.66 
yam8 100 Cotton rotor 2011 4.49 30.07 6.37 45.44 1302.46 21.30 
yam9 100 Pay AJT 5.28 29.92 8.40 33.44 1535.71 19.43 
Table 7.6-3 - Indices of yarn hairiness test results using a single side of the yarn core 
Name Material LYSSV LYSSV LYSS NL 
Index/plx CV% mm/cm 
yam1 65 PoIy/35 ColI 7.61 32.62 4.07 
yam2 65 PoIy/35 Cott 3.10 57.73 1.77 
yam3 100 Cotton 5.95 47.40 2.62 
yarn4 100 Cotton 4.05 75.22 1.64 
yam5 65 PoIyl 35 Cott 3.07 63.60 1.59 
yam6 65 PoIy/35 Cott 6.39 35.64 3.55 
yam7 100 Cotton 2.66 56.64 1.42 
yam8 100 Cotton 3.04 60.42 1.74 
yam9 100 Poly 4.20 39.64 1.93 
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In Figure 7.6-\ and Figure 7.6-2, the V index is given as single sided and double 
sided respectively. As already mentioned, this corresponds to using one or both sides 
of the yarn image to measure hairs. The ringed points in Figure 7.6-1 are from the 
ring spun yarns. 
L YSS single side V index vs UTl H index 
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Figure 7.6-1 - Graph of single sided V index against UT3 H index 
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Figure 7.6-2 - Graph of double sided V index against UT3 H index 
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A comparison between Figure 7.6-1 and Figure 7.6-2 shows that there is very little 
difference in the overall correlation between the UT3 and the mean V index when 
using one or both sides. 
It can also be seen from Figure 7.6-1 and Figure 7.6-2 that the correlation is 
reasonable between the UT3 and the V index. However, closer inspection reveals 
that there is an offset, whereby the UT3 appears to have a hairiness value, when there 
is no V index. This point was also found by Barella et al. [1992]. 
The filtering of the back-lit image, enables the V index hairiness algorithm for the 
L YSS to extract hairiness information that is very close to the core surface. However, 
Figure 7.6-2 shows that there is still a discrepancy between the threshold derived V 
index, and the UT3 measure of diffi"acted light, when measured over long samples of 
yam. 
In Figure 7.6-3, the correlation between the M index and the UT3 H index is shown 
Although the correlation is not quite as good as for the V index, an interesting point 
to observe is that the interpolated line of best-fit according to a linear regression, 
intersects the M index axis closer to zero, than the V index. One observation in 
section 7.5 was that the surface fibres lying close to the core, can be detected and 
counted by the V index, but not contribute as large a weight as to the M index since 
these pixels would be darker than hair pixels further away from the core. 
Consequently we should expect to see much less offset in the correlation between the 
M index and the un H index. 
Furthermore, as mentioned in the description of the M index previously, hairs which 
lie mainly along the scan lines (transverse direction), could have a proportionately 
higher V index when non-unity aspect ratios are used. This is because the 
thresholding of grey levels into pixels does not take into account how much hair 
occupied the associated pixel (if the hair size is smaJ1er than the pixel size). The 
length-wise resolution for these tests was 0.066 mm per scan, but the diameter of 
cotton fibres is between 11-20 /lm. Inspection of most yarn images (see chapter 5) 
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shows that a large proportion of fibres near the core , lie along the core direction, 
with the others scattered in random orientations or loop formations. Fibres which lie 
away from the core are more likely to have orientations more in the transverse 
directions. This can be seen by the images scanned at high aspect ratios (see Figure 
5.6-3, p. 168). 
Consequently, a yarn with a higher proportion of long hairs than short hairs (such as 
ring spun over rotor spun) would have a higher V index than M index, but less 
correlation to the UT3 where a negative offset would be expected in a linear 
regression of test results. This offset would not be expected in the M index. 
These conclusions are verified by the graphs in Figure 7.6-1, Figure 7.6-2 and 
Figure 7.6-3. As already mentioned, the ringed points in Figure 7.6-1 are from the 
two ring spun yarns. These are commonly known to have less short-hair hairiness 
than rotor spun yarns, and consequently lie above the line of linear regression (trying 
to produce even greater offset for the UT3 hairiness values). The affect is not seen in 
Figure 7.6-3. 
The use of the M index unique to this thesis, and its comparison to the V index, 
represents a completely new understanding of yarn image transverse-scanning 
theory. 
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Figure 7.6-3 - Graph of single sided M index against UT3 H index 
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Figure 7.6-4 shows the relationship between NL measured on the L YSS, from the 
Zweigle 0565 simulation, and the V index. The correlation is fairly strong, as would 
be expected, since they both measure overall hairiness, and are obtained from the 
same yarn test samples. This also shows the ability of the L YSS to simulate the 
Zweigle parameter NL. 
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Figure 7.6-4 - Graph of single sided V index against NL index 
Figure 7.6-5 correlates the NL index to the UT3 H index. The ring spun yarns are 
again ringed on the graph, with a trend-line inserted to show the effect of not having 
ring spun yarns in the data set. 
The ring spun yarns have even greater discrepancy from rotor spun yarns, for the NL 
index, since the index is unable to represent hairs which are very close to the core 
surface (unlike the M index, and to a lesser extent the V index). This is to be 
expected, since the nearest boundary to the yarn was set at 0.2 mm. 
This graph confirms the inability of the hair / boundary intersection approach to 
measure short-hair hairiness. 
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Figure 7.6-5 - Graph of NL index against UT3 H index 
Figure 7.6-6 shows a plot of the CV%s for single and double sided V indices. There 
is a strong linear relationship, but not exact, and the double sided V index has a 20% 
smaller CV% than the single sided V index. The variance length at which these 
CV%s are quoted is I cm. 
An important conclusion can be drawn, in that the CV% of hairiness for short 
variance lengths « Icm), when measured in yarn images, needs to be considered on 
both sides of the image, if the instrument to be simulated (in this case the UT3) uses 
both sides. 
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double side V CV% vs single side V CV% 
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Figure 7.6-6 - Graph of double sided V index CV"/o against single sided V CV"/o 
The coefficients of variation for the indices on the L YSS and the un were both 
calculated for a variance length of I cm. 
The graph in Figure 7.6-7 shows the CVO/O for the UT3 against the double sided V 
index. The ring spun yams, again ringed, have proportionately much lower CVO/O on 
the UT3 than the rotor spun yams. However, the ring spun yam CV%s are nearly 
equivalent between the two instruments. The higher CVO/O for the L YSS for rotor 
spun yams, is unlikely to be due to the lower resolution between individual fibres as 
shown in section 7.5. This is because the variance length is I cm, a distance over 
which such frequency differences of hairiness values should be filtered out. It is for 
further work (involving tests similar to section 7.5, but on longer sample lengths 
where I cm variance lengths can be considered), to discern the precise reason for this 
discrepancy, which cannot be guessed at with my current understanding. 
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double side V CV"Io vs UT3 H CV"Io 
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Figure 7.6-7 - Graph of double sided V index CV"/o against UT3 H CV"/o 
7.7 Conclusions. 
The use of guide plates has been investigated practically in this chapter. It is seen as 
an effective way of ensuring correct hair lengths in the image, but is limited in its 
effectiveness by fibres which have a significant proportion of their length curling 
around the core. It is necessary to have moving guide plates to prevent drag on the 
fibres, which cause them to lie along the yarn axis due to friction against the plate 
walls. 
Several indices have been implemented in the L YSS to measure hairiness. The V 
index has been used in transverse scanning instruments before, and tests against the 
Uster Tester 3 showed similar findings, in that a difference existed between ring and 
rotor spun yarns in the correlations. This is due to an increased proportion of short-
hair hairiness on rotor spun yarns. To understand this affect, a new index was derived 
in this chapter - the M index, which attempts to integrate the grey level shadows of 
the hair profiles. To compare what happens on a micro scale between the V index, M 
index and integrated diffracted light from darkground imaging, a 17 mm rotor spun 
yarn sample was imaged at high resolution, using both back-lit and coherent 
darkground irnaging. Amongst other conclusions, it could be seen that the V index 
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had higher values for hairs which existed further away from the core, than for those 
that lay next to the core surface, relative to the other two methods. The UT3 hairiness 
had less resolution between scan lines for hairiness measurement, due to the lack of 
definition for fibres in close proximity. 
A series of tests on various cotton / polyester-cotton yarns was carried out. Although 
there were definite correlations between the V, M,NL and UT3 H indices, the linear 
regression of the plot of V index against un H had an offset on the un H hairiness 
axis. There was a very noticeable difference between ring and rotor spun yarns for 
the un and V index results. This confirmed previous theory [Barella 1992]. The M 
index however, which is designed for the L YSS, did not have an offset on the un 
hairiness axis. This is because it attempts to include the surface fibre and dense fibre 
area grey levels in its result. It direct correlation to the UT3 H index was not as high 
as expected however. 
The V index was shown to have 80 % less CV% values when measured on two sides 
of the yarn image rather than just one. There were almost no differences in the use of 
one or two sides when directly correlating the V index to the UT3 H index. 
The NL index, designed for future simulation with the Zweigle 0565, showed its 
predicted ability to represent overall hairiness by having good correlations with the V 
index. It also had a correlation with the un H index, but with an even greater 
distinction between ring and rotor spun yarns being shown. This is due to its inability 
to represent hairs very near the core, as can the V and M indices. 
The order in which the various indices are influenced by short-hair hairiness is as 
follows (from greatest influence to the least) 
UT3 H, M, V, NL. 
This chapter gives a thorough basis for much more work in the field of measuring 
hairiness from yarn images, and of utilising the increased degree of information 
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available. The combined use of guide plates to obtain true hair-lengths, plus carefully 
designed indices to simulate other devices or generate new more accurate hairiness 
information would make the vision based approach to yam inspection superior to all 
other forms of measurement. 
7.8 Further work. 
It would be very useful if the L YSS could be correlated against instruments such as 
the Zweigle 0565 hairiness meter or the new Shirley Hairiness Tester. The use of the 
NL index in the tests, showed its ability to simulate photo-sensor based hairiness 
instruments. This needs to be verified and developed with the actual instruments. 
Factors such as yarn guiding, and yam rotation would play an important part in such 
an investigation. 
The hairiness tests could be carried out again, but the next time with class 3 aspect 
ratios (1 :50) to simulate high speed yarn inspection. The losses in correlations 
between the L YSS output and various hairiness testers could be monitored, and 
calibrated against test speed if necessary. Although more information is available to 
the L YSS than other instruments, it needs to be able to scan yarns at the same speed, 
without the loss of this advantage 
The use of two orthogonal views of the yam would be useful, to further check the 
decrease in the hairiness CV% along the yarn. 
It would be useful to develop indices that were symptom specific. For instance, the 
occurrence of weft barriness in fabrics due to short-hair hairiness could given a short-
hair specific index. Conversely, the tendency for adjacent yarns to snag due to long 
hairiness could be given a specific index. The influence of hairiness on dye 
absorption could be given still another. The point is that one index alone has been 
shown often in the literature to be insufficient to characterise yam hairiness let alone 
its direct affect on fabrics. 
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twist. 
8.1 Introduction to the chapter. 
This chapter covers two fonns of yarn inspection - yarn evenness, and yarn twist. 
Yarn evenness has been capable of being measured off-line and in-process for many 
years, but as far as I am aware, yarn twist has only been measured off-line in 
laboratories. Evenness and twist are in no way less important than hairiness for yarn 
quality inspection, but are combined in this chapter, since diameter measurement is 
an important part of twist measurement. Also, due to limits in the scope of the work, 
the results for each are preliminary, in the sense that the methods are not 
systematically optimised as yet. 
The chapter begins by introducing yarn evenness, and the various common fonns of 
its measurement. A literature review is given on major publications on yarn 
evenness in general, as well as on specific topics such as the use of two orthogonal 
views. 
In the tests for yarn evenness, the yarn diameter is measured usmg back-lit 
illumination for long lengths (20 m) of yarn, the results compared to two known 
commercial instruments - the Uster Tester 3 evenness tester, and the Zweigle G580. 
The use of back-lit illumination is in keeping with the other inspection tests in this 
thesis, and in further work could be changed to dark-field illumination. 
The tests results are analysed, and conclusions are then given for yarn diameter 
inspection, as well as suggestions for further work. 
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Twist is much more difficult to measure visually than both hairiness and evenness, 
due to its need for high resolution, unity aspect ratios, and high data processing rates. 
A review of literature regarding automatic visual twist measurement is given, 
followed by the theory of the twist measurement method used in the L YSS. The 
method is developed in this thesis for the first time for yam twist measurement. To 
prove the method, a sample of ring spun yarn was suspended in the rotating linear 
slide yarn mount device. A sample section of l7rnm# was imaged three times, with 
known twist changes imparted to the yam between each test. The yarn diameter for 
twist measurement is determined from the front-lit high-magnification image. 
Conclusions are then given to this preliminary twist measurement investigation, and 
important suggestions for further work are given. 
8.2 Introduction to yarn evenness. 
8.2.1 What is yarn evenness? 
Yam evenness is norrnally defined as the variation in mass per unit length along a 
yarn. Owing to some methods which monitor yam diameter rather than mass, yam 
evenness is sometimes defined in terms of variation in yam diameter, or better still, 
yarn cross-section per unit length. 
Another aspect of yam evenness is the number of thick or thin places in a yarn per 
unit length. These are determined by measuring the number of times the yam mass 
or diameter exceeds or falls below specified limits. The use of either mass or 
diameter in this regard can be seen by the fact that yarn clearers are available in the 
form of photo-sensors or capacitance mass sensors (such as the Uster Sensorrnat) 
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8.2.2 Why is yarn evenness measurement so important? 
There are many consequences of irregularity in yam: 
• It is connnonly known that an irregular yam will tend to break more easily during 
spinning, winding, weaving, knitting or any other process where stress is applied. 
The breakage's reduce the production speeds, because they have to be mended. 
The mends themselves affect the appearance and durability of the finished cloth. 
• Yam irregularity affects the appearance of the finished fabric. This is particularly 
the case when a fuult occurs at regular intervals since fabric construction 
geometry ensures that the fault will occur in a visible pattern such as a diamond 
barre [McIntyre & Daniels, 1995, p. 95]. 
• Thin places in the yam have a higher twist than thicker places since they have less 
torsional resistance. This in turn reduces the dye absorbency at thin places, which 
causes visible shade variations in the fubric. 
The consequences of yam irregularity affect all areas of textiles production. 
8.2.3 Some textile definitions related to yarn thickness. 
Yarn count is a term used to describe the thickness of a yam, or more precisely, its 
linear density. It is an expression of the number of discrete lengths of yam needed to 
make up an empirical pound unit in weight (the higher the count, the thinner the 
yam). The standard lengths vary from yam to yam. 
The Tex system is an international standard, and is the weight in grammes of 1000 m 
of yam. 
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8.3 Yarn evenness literature review. 
A vast number of publications have been produced regarding yarn evenness, its 
measurement, methods of analysis, significance and reduction. This is due to its 
strong influence on fabric quality. It is only possible to cover a sample of 
publications here, from well-known 'classic' research publications to recent 
developments in evenness measurement. 
A thorough literature review on yarn evenness has been published in the Textile 
Progress series [Slater, 1986]. It discusses in detail the different methods of 
measuring evenness along with theories of analysis with which many textile 
researchers have been involved. Again, this publication serves as an excellent source 
of references along with the conventional means of literature search for very recent 
work. 
The following section outlines the fundamental methods of measuring evenness. 
This is followed by a summary of some methods of evenness analysis, outlining their 
advantages and disadvantages, as well as highlighting literature of particular interest. 
8.3.1 Gravimetric. 
This method was the first to be applied, and is often the standard to which other 
methods are compared. It is the evenness equivalent to the manual microscopic / 
projection method in hairiness analysis. 
The method involves cutting the yarn into small regularly spaced sections (down to 
about 1 cm), which are then weighed. It is tedious and difficult work, due to the 
stretching of yarns under tension and the need for precision in the placement of the 
cutting tool. However it is a recognised standard and is not affected by moisture 
content as much as the capacitive methods. 
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8.3.2 Capacitive. 
This is the most widely used method today. It uses the principle that the mass of the 
yarn changes the di-electric coefficient of the capacitance of two parallel plates when 
placed between them. The normal capacitor length is minimally 8mm. [such as in 
the UT3 Evenness Tester]. The gap between the plates is normally varied according 
to the type of yarn being measured. 
The major advantage of the capacitive method is that it correlates well with the mass 
variation determined by cutting and weighing, and is reliable, provided certain 
humidity conditioning of the yarn bobbins is carried out prior to inspection [Slater, 
1986, pp. 23-26]. 
The main disadvantage of the method is its high sensitivity to the humidity of the 
environment, and the moisture content of the yarn. In a very thorough paper, Foster 
[I957] describes how the moisture content and humidity can create errors in the 
coefficient of variation in the yarn. He explains that the effects are so great that 
precautions must be taken if the error is to be brought below 5%. These precautions 
include not keeping the bobbins in a pile but allowing air to flow around them, and 
allowing the bobbins to stand for a given length of time when moved to the testing 
room. The required time varies, but for many yarns it seems that a stand time of one 
hour is sufficient. For some conditions, though, it may require several days! In 
general, he points out that the precautions are simple, and thus error can be 
minimised. One important point he makes is that the windings of the yarn around the 
bobbin diffuse moisture at different rates from the top to the bottom of the cone. 
Therefore, periodicities can be introduced which hinder the variance-length analysis. 
Again, stand times can reduce this effect. Although modem capacitance sensors 
have been further improved to minimise effects due to moisture, conditioning is still 
a routine method in evenness inspection. Chu and Tsai [1996a] point out that the 
moisture dependency of capacitive sensors means that they could not be used for on-
line measurement, as the testing conditions could not be easily controlled as in a 
testing room. 
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An important defect to measure in yarns are neps. These are thick places in the yarn 
formed by tangled masses of fibres. A paper by Monteiro and Couto [1995] points 
out that the traditional capacitive sensor is too long to accurately detect neps and give 
information on the < 8mm periodicities. They develop a method to determine Imm 
segments using the capacitive method. This is achieved by making one of the plates 
I mm longer than the other and applying signal processing techniques. 
8.3_3 Photoelectric (diametrical) techniques. 
These methods were initially as common as capacitive sensors, but owing to the 
improvements and the accuracy of capacitive methods, they are not widely used 
today. However, some recent developments have put them back into the field of 
interest [Chu & Tsai, 1996a, 1996b; Slater, 1986, pp. 26-28, Soli 1999]. Some of 
the characteristics of this method also apply to back-lit computer vision techniques, 
since fundamentally the yarn diameter is measured in both instances through 
obstructing a light source. 
The principle of photo-electric evenness is to cause the yarn to intersect a light beam 
of uniform intensity, usually formed by a slit between the light source and the yarn. 
The beam is focused onto a photo-detector, and the voltage deviation from the case 
where there is no yarn present is an indication of the yarn diameter. 
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Figure 8.3-1 - The basic arrangement for the photo-electric measurement of optical 
diameter. 
The advantage of such a method is that it is not affected by external conditions such 
as moisture and temperature. It also can have a high length-wise resolution 
(depending on the optical configuration) such that it can detect neps and very short-
term irregularities. 
An early paper [Onions, Pickering, & Stables, 1950] compared diametrical and 
gravimetric evenness analysis. In their experiments they showed that the diametrical 
CV% did not vary with yarn count as did the mass CV%. It was, in fact, higher, 
contrary to theory. This was further investigated in another paper, described in 
Chapter 7 [Onions & Yates, 1954], and shown to be due to the presence of yarn 
hairs. 
It is impossible to remove the effects of hairiness on photo-metric forms of 
measurement, since the hairs are the most dense at the surface of the yarn, which by 
definition has to be seen by the sensor. 
The differences between mass and photo-metric evenness measurement are quite 
significant. The major difference is that with photo-metric methods, it is yarn 
diameter being measured rather than yarn mass. These are fundamentally different 
properties of the yarn, neither being more important than the other - a point stressed 
by Wegener and Hedwig [1973]. These researchers made an important study using 
two orthogonal views of the yarn to measure evenness. This was achieved using a 
single mirror in a similar fashion as the method in this thesis, shown in appendix B, 
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page 350. However, they used two photo-sensors in the normal fashion rather than 
CCD sensors. They obtained values of CV% which were less than those using mass 
methods, but were a good improvement over those using a single view. 
Wegener and Hedwig make the point that no matter how many views were used, the 
mass variation would differ from the optical variation due to changing compactness 
of the yarn core. This is a function of features such as twist variation. However, 
they mention that the differences in core compactness can be compensated for by 
applying pre-calculated adjustment factors to the diametrical calculations. These 
factors are different for specific processes and yarns. The apparatus and methods 
used by Wegener and Hedwig were well thought out, and this research is often 
referred to by other publications. 
Chu and Tsai [1996a] show how variation in diametrical methods can be affected by 
a non-uniform light intensity across the light beam. Vibrations in the yarn, especially 
in on-line situations, cause it to traverse the beam. If the light intensity across the 
beam is not uniform, yarn lateral movement would change the light intensity on the 
photo-detector even if the yarn was completely uniform. He explains that the slit can 
be changed in its width across the beam to give a uniform light profile using an 'area 
compensation method'. 
In the second of their two linked papers, Chu and Tsai [1996b] show how the use of 
two orthogonai views improves the coefficient of variation measurements, as did 
Wegener and Hedwig. The paper is of interest because they show that if the views 
are at 90 degrees, and the yarn core is elliptical, then the cross-section can be exactly 
calculated. They go on to say that deviations of the yarn core from an ellipse can be 
compensated for by a so-called Shape Error Factor (SEF) which is a constant for 
given yarn and process conditions. Some of these are then given for specific types of 
yarn. 
A very recent publication is based around the new Uster Tester 4SX. [Soil, 1999a]. 
Derived from the UT3, the device is capable of measuring both evenness (through 
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the capacitive method) and hairiness (through diffraction of light around the yarn). 
A significant development is the use of the two orthogonal views to measure yarn 
diameter from the dark-field yarn image using CCD imaging. The resolution of the 
instrument can be down to 0.2mm along the yarn. The aforementioned publication 
shows how the use of diametrical values from the two views can be used in 
conjunction with the mass sensor to give more detailed information on the yarn 
structures. This device represents a major development in instruments which 
measure multiple yarn characteristics, although it does not measure hairiness in a 
more detailed manner than the overall hairiness index UT3 H (see Chapter 7). 
A very interesting publication from the yarn research team at Mulhouse in France 
proposes a method of measuring the yarn through interference fringes [Durand, 
Bouget & Bouget - see Acar, 1992, pp. 109-110]. The principle is to illuminate the 
yarn using coherent light, and to allow the two gaps made by the sides of the yarn 
and the slit to interfere, causing fringes. The separation of these fringes can be used 
to derive the yarn width. In the publication they mention that the presence of surface 
fibres does not really affect the core width. With regard to other publications, and 
observation from tests using the L YSS, this statement seems erroneous. 
The fringes are measured using a CCD scanning device. From Chapter 5 of this 
thesis, it is clear that for some types of yarn (especially rotor spun yarns), dense areas 
of surface fibres can be indistinguishable from the yarn core under back-lit 
conditions. It would be impossible to determine whether the profile caused by such 
occurrences was due to a thin yarn with dense surface fibres, or thick yarn with fewer 
surfuce fibres. I was unable to obtain other publications on this method, which is 
potentially quite useful if it can succeed in giving diameter measurements unaffected 
by surface fibres. 
A Ph.D. thesis by Jeong [1994] studies the application of digital signal processing to 
yarn evenness using the Uster Tester 3 capacitance instrument. He gives a basic 
software algorithm to predict and simulate fabric appearance defects from evenness 
data. This approach has been used in a crude fashion in the Lawson Hemphill Yarn 
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profile tester (YPT) for irregularities in air-jet textured yarns. The Lawson Hemphill 
company also presented an instrument at ITMA 1999, which was capable of fabric 
simulation with much higher resolution and realism in the fabric picture. 
The simultaneous capturing of hairiness, evenness and possibly twist gives rise to the 
suggestion that a new CCD system could apply the same principle of fubric 
simulation as has already been achieved, but not only using evenness data. For 
example, hairiness could be used to predict weft barriness and other fabric 
appearance defects specific to yarn hairiness. Twist data could also be used to 
simulate many features of the fabric. 
Before any of this is possible, however, it is important to show that the CCD 
approach is capable of measuring yarn diameter, and consequently diametrical 
evenness. This is carried out in the next section. 
8.4 Yarn diameter tests using the LYSS. 
8.4.1 Test details. 
A series of tests were carried out on the same yarns used for tests in chapters 5 and 7 
(tabulated on page 265). These yarns were tested on the L YSS, at a class 2 aspect 
ratio (1 :4), using back-lit incoherent illumination, a single view, and a magnification 
of 0.83. The yarn images were processed using 2D convolution as described in 
chapter 5. The sample lengths were 17 metres. 
The aim of the tests was to compare the diametrical evenness of the L YSS to the 
equivalent values from commercial instruments. The instruments used, were the 
Uster Tester 3 evenness tester, and the Zweigle 0580 yarn structure tester (which 
measures diametrical evenness). 
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8.4.2 Test results correlated to the Uster Tester 3 evenness tester. 
Table 8.9-1 shows the results from the evenness tests for the L YSS, the UT3 and the 
Zweigle G580. The results are analysed in the following two sections. 
Name 
yam1 
yam2 
yam3 
yam4 
yamS 
yamS 
yam7 
yamS 
yam9 
Material 
65 PoIy/35 Cot! 
65 PoIyl 35 Colt 
100 Cotton 
100 Cot!on 
65 P,*!I 35 Cott 
65 P,*!I 35 Cot! 
100 Cotton 
100 Cotton 
100 Poly 
0.60 
E 0.50 
E 
~ 0.40 S 
CD 
E 0.30 
.. 
:;; 
Ul 0.20 
Ul 
~ 0.10 
0.00 
0 
Table 8.9 - 1 - Results from evenness tests. 
Method 
Ring 
Rotor 
rotor 
rotor 
rotor 
ring 
rotor 
rotor 
AJT 
Cotton UT3 mass Mean diameter 
Count count CV% Diameter CV% 
/!ex UT3 G580 G580 
Imm 
16/1 37.49 12.42 0.25 12.09 
1511 40.01 13.24 0.27 13.70 
8/1 76.99 12.54 0.42 13.18 
8/1 75.03 11.10 0.39 13.30 
26/1 23.15 14.23 0.20 15.15 
2511 23.80 14.32 0.20 14.36 
2011 29.20 13.71 0.24 15.48 
2011 29.82 14.39 0.24 16.19 
3.13 3.89 0.28 16.01 
L YSS diameter vs UT3 yarn count 
y = 0.0434/5637 
Fr = 0.9754 
20 40 60 
UT3 count - lex (gIkm) 
• 
80 
LYSS LYSS 
diameter diameter 
Imm CV% 
0.31 8.42 
0.34 10.40 
0.53 11.33 
0.48 13.84 
0.26 10.77 
0.26 10.50 
0.30 13.25 
0.31 14.30 
0.32 11.14 
100 
Figure 8.4~1 - Graph of LYSS diameter against UT3 count (Jex) 
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L YSS diamller CV"k vs U13 CV"k 
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Figure 8.4-2 - Graph of LYSS diameter CV"/o against UT3 CV"/o 
The air jet textured yam was excluded from the graphs due to its inability to be 
measured successfully with the UT3. 
The correlation between the UT3 count and the L YSS mean diameter (Figure 8.4-1) 
appears quite reasonable, with a power regression coefficient of 0.9754. However, 
the gap in data values between the main group and the two higher counts mean that 
this correlation should not be treated too confidently. A power regression is 
considered here, since the diameter of a simple cylinder is proportional to the square 
root of the cylinders linear density, provided that the density remains constant 
throughout its length. 
Wegener & Hedwig (1969) point out that a comparison between mass evenness and 
diametrical evenness has to be interpreted with care, because they are not the same 
quantity. However both are influenced by variations in the mean number of fibres in 
the yam cross section. 
The coefficient of variations between the UT3 and the LYSS (Figure 8.4-2) are of the 
same order of value, but are scattered so as to have very little correlation. The L YSS 
CV% are slightly lower on the whole. The fact the CV%s are of similar magnitude, 
indicates that the L YSS does not have spurious changes in its core diameter due to 
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core widening and thinning from dense surface fibres. The CV% for the UT3 is taken 
over an 8mm variance length. The CV% for the L YSS is taken over a variance length 
of 1 cm. The point where the UT3 CV% is much less than the L YSS, is for the 8/1 
cotton yarn (sample 4). The difference between this yarn, and sample 3, is in its 
much higher twist multiplier. It appears that the increased twist, which on this yarn 
causes its transverse central position to oscillate sideways, causes an increase in the 
L YSS CV%. The reasons for this need further investigation. 
8.4.3 Test results correlated to the G580 diameter evenness tester. 
The results for these tests are also tabulated in Table 8.9-1. 
L YSS diameter vs g580 diameter 
0.60 ,-------------------, 
E 0.50 
E i 0.40 
• ~ 0.30 
;; 
., 0.20 
~ 0.10 
y= 1.2245x + 0.0091 
R' =0.9981 
0.00 +---~---~---~--~----l 
o 0.1 0.2 0.3 0.4 0.5 
G580 diameter rnn 
Figure 8.4-3 - Graph of LYSS diameter against G580 diameter. 
LYSS diameter CV% vs g580 ICyros diameter CV% 
16.00 
14.00 
1ft 12.00 > 
" 
.ii 10.00 
y = 0.9238x· 1.4997. • 
R' = 0.3912 ../ 7-.. 
• E 8.00 • 
~ 
~ 6.00 
" .. ,. 4.00 
... 
2.00 
0.00 
0 5 10 15 20 
G580 I Cyros dlamete r CV"" 
Figure 8.4-4 - Graph of LYSS diameter CV"/o against G580 diameter CV% 
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The Zweigle G580 was connected to the Cyros fabric simulator, which obtains the 
data and perfonns statistical analysis such as variance length analysis. 
The correlation between the G580 and the L YSS diameter readings (Figure 8.4-3) is 
very high (linear regression r=0.998). There is very little offset in the regression, 
although the diameter values for the L YSS are approximately 20 % higher than for 
the G580. It is worth mentioning that the diameter is read directly from the yam 
profile in the L YSS, but the G580 would presumably have had to have been 
calibrated at some point. Consequently a calibration procedure applied to the L YSS 
would match its values exactly to the G580. 
The coefficient of variations (Figure 8.4-4) are again of the same order of value 
between the two instruments, but with little correlation between them. The L YSS 
CV% are generally lower than the G580, probably due to the manner in which dense 
surface fibres are identified as hairs in the L YSS, rather than being allowed to 
interfere with the diameter measurement, which would raise the CV%. The point on 
the graph with higher CV% for the L YSS relative to the G580 belongs to the 8/1 
rotor spun high twist yam (sample 4). Consequently the manner in which this yam 
interferes with variations in the L YSS measurement, does not affect the G580 
measurements to the same extent. 
16 
14 
12 
~ 10 
U 8 
.., 
I- 6 :::> 
4 
2 
0 
0 5 
UT3 CV"k vs G580 CV% 
10 
G580CV% 
• • 
•••• 
• 
• 
15 20 
Figure 8.4-5 - Graph of UT3 CV"/o against G580 CV"/o 
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A comparison between the un CV% and the 0580 (Figure 8.4-5), shows that the 
CV%s are more closely related than with either one and the L YSS. The 0580 has a 
lower CV% than the un, a phenomenon pointed out by Wegener & Hedwig [1969] 
to be due to density variations within the core being detected through mass 
measurement but not diameter. 
The CV% for yam sample 3 has a noticeably lower CV% for the 0580 than the un, 
which indicates the high twist also affects the 0580 measurement. 
Without the aforementioned spurious value, inspection of both Figure 8.4-4 and 
Figure 8.4-5 shows that there is a reasonable correlation between the three methods 
of measuring CV%, but better between the 0580 and the un. The reason for this, 
could be due to the presence of dense surface fibres, increasing the mass of the yam, 
and causing better correlation between the mass, and the 0580 diameter variation 
measurement. The L YSS on the other hand identifies these regions as hairiness and 
excludes them from diameter measurement. It would be most useful for further work, 
to allow the L YSS to include these fibres in the same manner as would the 0580, to 
observe any increase in correlation between their CV%s. 
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8.5 Conclusions on diameter measurement. 
Tests on the same yams, between the L YSS and the UT3 revealed a degree of 
correlation which indicated that the L YSS instrument, with its image processing 
method, was correctly ascertaining the diameter. This was further proven by tests 
against the Z weigle G580 diameter tester, with an almost exact correlation. 
The correlation between the un yarn count, and the L YSS diameter, showed a 
correlation which would be expected considering that these two different properties 
are being measured. The correlation against the Zweigle G580 diameter was very 
strong, although the L YSS had 80% higher diameter values. 
The coefficient of variations between the L YSS and the other instruments was of the 
same order of value, but with moderate correlation. One of the yarn samples with 
high twist and low yarn count, exhibited a strong deviation from the other samples in 
the L YSS CV% measurement. The G580 and un have better correlation of CV% 
with each other than with the L YSS, and this is possibly due to the ability of the 
L YSS to isolate dense surface fibres from the measurement of core diameter. Both 
the UT3 and G580 would include these surface fibres in their measurements. 
8.6 Suggestions for further work on yarn evenness measurement. 
For further work, it would be useful, to be able to improve the yarn processing 
algorithm for core detection. At present, the L YSS takes the largest continuous set of 
dark pixels along the scan-line, within certain pre-set limiting boundaries. However 
it is possible for hairs which lie along the scan line to join the core in the processed 
and thresholded image, giving inaccurate core widths. The use of rank valued median 
filtering on the diameter data, over a given distance of the core may be helpful here, 
since it would remove spikes from scan-line orientated hairs. 
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It would be useful to attempt to obtain better CV% correlations with the L YSS and 
the UT3 / G580, by including dense surface fibres in its diameter measurement. A 
simulation of the light blocking effect of the yarn from the yarn image (obtained 
from the pixel grey levels around the core) could achieve this. 
The use of two orthogonal views should be investigated systematically, to confirm, 
and develop the potential of this method for transverse scanning applications such as 
the LYSS. 
The ability of the L YSS to correlate with the UT3 and Zweigle G580 should be 
tested with higher aspect ratios to simulate high speed yarn inspection. The aspect 
ratio should be tested at a number of different levels, to see the relationship between 
the yarn inspection resolution, and the ability of the L YSS to simulate other yarn 
evenness instruments. 
A subset of yarn diameter measurement, is the determination of the number of thick 
and thin places along the yarn. This test is very common in yarn production, and is 
also used to properly set-up clearing installations. It is very straightforward to add 
this facility to the L YSS, the results of which could be correlated to both mass, and 
diameter thick/thin place measuring instruments commonly available. Indeed, during 
the tests for evenness in this chapter, the instruments used (Zweigle G580, Uster 
Tester 3) also gave this information as part of their test data. Neps, slubs, knots, and 
other discrete yarn faults could also be researched in terms of the ability or 
advantages in using vision for their detection. 
A very exciting line of further work, would be to combine the results of twist 
measurement, with the yarn volume. This would possibly enable much better 
correlation with the popular mass evenness methods, since twist affects both 
diameter and the core density [Soli 1999]. By knowing the twist and volume of the 
yarn, a better judgement of its mass could be made by purely optical means. 
292 
Chapter 8 - Yam diameter evenness and yam twist 
8.7 Yarn Twist. 
Yam twist is the basic mechanism which gives a staple fibre yam its tenacity, and 
directly affects the handling, appearance and feel of fubrics. For example, a suit 
fubric has yam of high twist and so feels rougher to the touch. The variations of 
twist within a yam can also affect the aesthetic qualities of the fabric. One example 
of this is that areas of higher twist cause less dye absorption than lower twist areas, 
and show up as shade changes in the fabric. At thin places in the yam due to partial 
yam breakage or bad drafting, the yam twist increases dramatically [Vas et al., 
1994). 
8.8 Yarn twist measurement review. 
8.8.1 Conventional manual methods 
Due to its fundamental importance, yam twist has been much studied and measured 
by textile researchers. The most common twist measurements are destructive, in that 
the yam is untwisted gradually until it falls apart easily. This is obviously a tedious 
laboratory task. This destructive method can also be applied automated. 
8.8.2 Recent non-destructive automatic methods. 
A very interesting technique which is only briefly mentioned in a recent publication 
uses a laser beam [Durand, Bouget & Bouget - see Acar, 1992, pp. 110-113). The 
beam is focused with a very large degree of convergence onto the surface of the yam. 
The diffraction effect from the surface fibres causes the light to spread in a line 
normal to the fibres onto the surrounding yam surface. By using a rotating slit, the 
angle of this line is detected via a photo-electric sensor. The accuracy of this 
technique, and its robustness to changes in yam diameter and surface hairiness, are 
not quantified in the publication. Nevertheless, such a technique is attractive owing 
to the relatively modest processing requirement and its simplicity. In order to 
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calculate the twist in turns per metre, the yarn diameter is also required, and a CCD 
line-scan processing technique for obtaining this is given in the paper. 
A publication already summarised in Chapter 2 involves the use of image processing 
to determine the yarn twist angle [Vas et ai, 1994). The method initially requires 
pre-filtering using convolution kernels to select those pixel areas with enough grey 
level gradient tor the calculations. The kernels (which have been used in this thesis) 
are chosen to emphasise grey level gradients existing around the average fibre width. 
The second stage is to measure the grey level gradient angle of the selected pixels. 
This involves using two Sobel type convolution filters, which each give the grey 
level gradient per pixel in one axis. The gradient angle is then the inverse tangent of 
the quotient of these two gradient values. Further signal processing is applied to 
these gradient values, including low pass filtering, median filter noise removal, and 
Gaussian curve fitting to obtain the mean fibre angle. 
The front lighting is shown to be directed at a tangential angle to the core in this 
work, with the yarn also back-lit to help determine the yarn diameter. 
Important specifications such as magnification and yarn image window width are not 
detailed in the paper, and only a small sample of results are shown. The method 
appears to work, although very few test results are given. Furthermore, the system is 
not demonstrated in use on rotor-spun yarns, which have a substantially different and 
more complex surface fibre structure than ring-spun yarns. 
A recent series on measuring fibre orientation distribution functions (ODF) in non-
woven material could be of relevance to determining twist angle in 
yarns.[pourdeyhimi et aI., 1996 a&b, 1997 a&b, 1999]. Initially, a method of 
simulating non-woven fibres with specified distnbutions of parameters, such as 
crimp, orientation and thickness, is given. This is followed by the systematic 
development of a series of methods aimed at measuring these fibre orientations, and 
comparing them with the known simulated data. The first method involved a direct 
tracking procedure, whereby the images were first binarised and thinned using 
294 
Chapter 8 - Yarn diameter evenness and yarn twist 
morphological processing. Then an algorithm was designed that could be moved 
from one pixel to the next along a fibre, constrained by the fibre boundaries. To help 
with this, the algorithm used a historical knowledge of the fibre direction it had 
already tracked. It is not thought that such a method would be applicable to twist 
measurement, since the surface fibres do not have enough contrast or definition to be 
able to be edge-detected and binarised into discrete lines. This approach is still 
worth investigation, however, and adaptations could be made to the algorithm to 
cope with the more difficult image properties of yarn twist. 
The second approach was similar to the method used in this chapter, although some 
specific details of its implementation were not given. The Fourier transform was 
used to provide a spatially invariant measure of fibre orientations within the image. 
The correct size of the annulus over which the Fourier transform is integrated was 
determined empirically using the simulated test data. An important feature of their 
work, which has been incorporated in the twist angle determination method shown 
later in this chapter, was the use of window functions. These were said to 
significantly improve the results. It is not shown in the paper how or if the algorithm 
copes with changes in the area per sector due to the discrete square shape of pixels at 
the sector boundaries. However, the Fourier transform method is shown to work 
reasonably well on the fibre ODFs from the simulations. 
The final approach was the use of flow field operators, quite similar to the method 
used by Vas et al [1994]. It was concluded that this technique was most suitable to 
determining the mean fibre orientation rather than determining the entire ODF. The 
mean fibre orientation, however, is what is required for twist angle determination. 
Of the three methods, the direct tracking was found to be the most accurate. 
The final paper in the series [Pourdeyhimi et al., 1999] compared these methods on 
real non-woven webs rather than simulations. In the paper, a useful lighting/mirror 
arrangement is shown, which increases the overall contrast consistency of the web. 
The standard method by which other methods could be compared, was to measure 
the fibre orientations manually. The results from tests showed that, as was the case 
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with the sirnulations, the most accurate method was the direct fibre - choord tracking 
method. The Fourier Transform method showed a significantly wider variation in the 
ODFs, than were measured manually. However, the results showed that the Fourier 
transform method was adequate for process control. 
8.9 Fourier transform method developed for the LYSS. 
The principle involves a series of steps. 
Figure 8.9-1 - Raw yarn image 
The first step is to crop the image sample in both length-wise and transverse 
directions. For the length, a l.l mm sample was chosen, since it was considered that 
this gives sufficient length to represent the twist angle at a point in the yarn, without 
being too long, so as to reduce the resolution of measuring variations in twist along 
the yarn. 
For the cropping of the width, the core edges are not involved in the frequency 
energy measurement, and so are removed. The boundaries for cropping are 
determined by averaging the transverse light profiles, and applying a threshold to this 
distribution. Where the profile rises above the threshold, the yarn image is assumed 
to be the central portion of the corc. 
296 
Chapter 8 - Yam diameter evenness and yam twist 
.... r.ged line prolle. shOWing determinatIOn 0' centraJ core .... 
09 
O.~-------------,~------~r-----------~ 
07 
00 
05 
04 
03 
02 
01 
°0~~0~'--~0~2--~0~3---0~4--~0~5--~0·.~~0~7--~0~.---0~. 
dls'ence eCR) •• core 
Figure 8.9-2 - Setting of central core thresholds. 
Hearle, Grossberg & Backer [1969] showed how the optical determination for twist 
angle was underestimated, due to angular measurement of fibre paths across the 
entire core width, rather than the angle of the tangent to the fibres in the centre of the 
core. They also explained that the core widths were usually overestimated due to the 
presence of surface fibres. 
An appropriate value for the threshold (on a normalised scale) is at 0.8. If the 
threshold is lower, then effects from the core edge are seen. If the threshold is higher, 
then the cropped width is too small to give adequate resolution in the Fourier 
transform. 
Figure 8.9-3 - Cropped image. 
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The next step is to window the image, to prevent frequency information in the 
transform which has nothing to do with the spatial frequencies from the fibres. To 
do this, a Hanning window was applied across the yam width. The image was then 
padded with zeros. This enables a square Fourier transform to be calculated, with a 
more understandable definition and determination of sector areas. 
Figure 8.9-4 - Transverse Hanning window plus zero padding. 
The Fourier transform is computed. An annulus mask is then applied to the 
transform, since the zero frequency area contains much power spread over relatively 
few pixels (which are present over large angular sections). Also, the high frequency 
areas contain a high proportion of noise from the image capture. (At present, 
however, the outer radius is taken to the edge of the transform. These two 
parameters need to be optimised more systematically in further work.) The power 
from vertical and horizontal frequencies is removed in specified sectors. 
The size of the inner core needs to not be too small, since thin sectors of the Fourier 
transform intersect the same high valued pixels 
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Figure 8.9-5 - Mask applied 10 Ihe Faurier Irans/arm. 
The next step integrates the values in the transfonn over thin sectors 0.01 radians in 
angular width. This small width is chosen for resolution purposes. but causes 
inconsistencies in the number of pixels used for counting in each sector. This effect 
caused serious misreadings from this technique for some time in the research. 
However, two methods have been applied to completely remove its effect. First ly, 
the sector for integration is in fact 0.05 radian wide, but moved in 0.01 radian steps. 
This also helps filter the ODF from spurious spike values. Secondly, the integrated 
value is divided by the number of pixels used in the calculation for each sector. It is 
important that the number of pixels used for this compensation must not include 
those in the centre masked-off portion or the extra-annulus areas, or the technique 
will not work. 
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Figure 8.9-6 - Masked Fourier transform. 
The twist angle value for each yarn sample is taken from the orthogonaJ angle to the 
sector which has the largest value. 
The final stage is to determine the diameter. This is taken from the points of 
inflection from the averaged core profile. In order to obtain these points, the profile 
is convolved with a ID low-pass differentiation kernel : 
-10000001. 
A suitable size of the central zero portion of the kernel was found by experiment to 
be 13% of the mean core diameter. This technique was mentioned in the publication 
by Vas et af. [1994] , as being suitable for measuring yarn diameter from front-lit 
images. Implementational details such as the size of filter used, and yarn averaging 
distance have been developed for the L YSS independently due to lack of this 
information in the publication. 
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Figure 8.9-7 - Determination of core diameter from front lit illumination. 
The twist angle a is determined m the following way [Go swami, Martindale & 
Scardino 1977, p.l 06]: 
tan a = ;rdkT 
and 
d - d' k=--
d 
where : 
a is the twist angle 
d= core diameter 
d'=fibre diameter 
T=Turns per centimetre 
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8.10 Tests to prove algorithm. 
8.10.1 Experimental set-up. 
Initially, the algorithm was tested on images of simulated yarn twist. Multiple lines 
were drawn onto yarn images, at various angles, and at the approximate widths of 
fibres. The angles of the lines, were detected correctly by the algorithm. 
In order to test the algorithm on more than simulations of lines however, it was 
necessary to use meaningful lengths of actual yarn images under known conditions 
oftwist. 
For this purpose, the rotating linear slide mount became a most useful tool. A ring 
spun 100% cotton yarn (16/1) was suspended between the clamps, after being pre-
tension with 5 cN. 
The aim of tbe tests was to measure the relative change in twist along the yarn after 
being un-twisted by a fixed amount. The slide mount clamps 70 cm of yarn, so by 
rotating one end of the clamp 70 times, with the other end fixed, it was assumed that 
1 turn per cm of twist would be removed from the yarn. When untwisting, the yarn 
expands along its length. Consequently, the yarn had to be re-tensioned with 5 cN 
after each set of rotations. 
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Figure 8.10-1 - Apparalus 10 determine yarn twist. 
It was usefi.Il to un-twist the yarn, rather than twist, since increasing the twist creates 
practical problems. When attempting to do this in a previous experiment, the yarn 
twist pressure caused it to untwist as soon as the clamps were released for re-
tensioning. Furthennore, the contraction of the yarn created unacceptable tension in 
the yarn during the 70 turns. 
After each set of rotations, the yarns were imaged via the area scan system, with 
images joined using the cross-correlation procedure shown in 5.3.4. For each twist 
setting, 16 images were joined, corresponding to around 17mm of yarn. 
The magnification was 5.06, with the aperture set at FII to maintain some depth of 
field without compromising twist detail. The illumination was from a fluorescent 
ring light. 
It was important to clamp the camera relative to the slide mount to prevent low-
frequency vibrations from the building reducing the image resolution (see Figure 
8.10-1). The affect of vibration was great due to the use of high magnification on 70 
cm of suspended yarn at modest tension. In fact vibration was found to be such a 
problem, that the final tests were carried out on a special high inertia, pneumatic 
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suspension platfonn. Such problems would not exist on an industrial implementation 
of the method, since it is not necessary to suspend 70 cm of yam. This suspension 
was only needed for purposes ofveruying the method against known twist changes. 
8.10.2 Results and discussion. 
1st test (no twist inserted or removed), twist = 5.28 tpc, standard deviation 1.19 tpc 
2nd test (1 tpc removed), twist = 4.23 tpc , standard deviation 1.23 tpc 
3rd test (1 tpc removed), twist = 3.41 tpc, standard deviation 0.623 tpc. 
The controlled change in twist is clearly seen, going from the 1 st to the second, and 
from the second to the third test. The level of accuracy used in these tests is not 
particularly high, in that only 17 mm of yam is imaged. Furthennore, it is not the 
same section of the yam imaged for each of the tests. Consequently twist changes 
along the yarn, may account for the small deviation from 1 tpc difference between 
tests. 
The standard deviation is quite high, (22 % of the mean for test I). This is because 
individual images can sometimes give misleading results, due to dominant stray 
fibres in the image, or structural affects on the surfuce 0 f the yam causing the twist 
angle to vary from its theoretical position. When taken over 16 sections along the 17 
mm length however, the mean value is representative of the yam twist. It would be 
useful in further work, if further image processing could remove as many non-twist 
features of the images as possible. 
8.11 Conclusions on twist measurement. 
The Fourier transformation method used to determine twist angle has been shown in 
preliminary tests to be successful in obtaining the twist angle and subsequent turns 
per cm of a ring spun yam. A method to implement such a process on yam images 
has been developed in this section. Techniques such as windowing and pixel shape 
correction have been applied. 
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A typical image sample at the magnification required to measure twist (for a 576 x 
768 pixel image) is around 1.1 mm. Due to the high standard deviation in the results, 
the method is most appropriately used repeatedly over several image samples to 
obtain a statistical mean of the twist. 
The means of measuring yarn diameter for front -lit high magnification images, using 
points of inflection from a low pass differentiation filter, has been found appropriate 
to aid in twist measurement. 
8.12 Suggestions for further work for twist inspection at low and 
high yarn speeds. 
It remains for further work, to investigate the technique on rotor spun yarns, a task 
that I believe will be very challenging but worth while. After this, flow field analysis 
should be investigated on both ring and rotor spun yarns. 
It is worth noting that both the Fourier transformation method, and flow field 
analysis, require image processing of high resolution images. This task could not be 
considered for high speed yam use. Due to the use of front lighting, there is no 
spatial coherence in the reflected light from the yam, and consequently no method of 
applying optical techniques to instantly determine the Fourier transform directly. 
However, it is possible to use a spatial light modulator to create a replicated image of 
the yam in the form of a transparency, which when back-lit by coherent illumination, 
could be Fourier transformed by a simple lens at its focal plane. The light reaching 
the sectors in the focal / Fourier plane of the lens system could be measured instantly 
using sector shaped light sensitive elements. Thus a non-image processing, 
instantaneous measurement of the yam twist could be obtained, suitable for high 
speed measurement. Such a task would be very difficult however, due to the 
limitations of the spatial light modulator as weU as coherent noise. 
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It is worth investigating the laser beam diffraction method proposed by Durand, 
Bouget & Bouget [1992] reviewed previously. However, such a method could be 
integrated into a yarn vision system, in the sense that the orientation of the beam 
diffracted by the surface fibres could be measured as an offSet in the CCD line, in the 
core profile of say a dark-field intage. 
CCD scan line 
t..... .... __ _ 
diffracted line. 
dark-field line light profile 
---
':?--
peak from diffraction line, 
determining angle of diffraction 
Figure 8.12-1 - Incorporating laser diffraction and CCD scanning for high speed 
twist detection. 
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The details of suggestions for further work are given in the respective chapters. Some 
important suggestions however, need further explanation, or re-emphasising, and are 
included in this chapter. 
9.1 Refinements to the mirror arrangement for non-guided yarn 
imaging. 
Although a yam guiding method is stressed as being the way forward for yam 
imaging in this thesis, the possibility that such a technique may not be acceptable to 
textile technologists is still considered. Consequently the following refinements to 
the use of a mirror for non-guided yarns is given below. 
In section 3.11.1, a series of yam imaging configurations were identified, two of 
which imaged the hairs of the yam as well as two right-angled views of the yam 
core. 
During tests with the mirror arrangement of the L YSS, it was discovered that having 
the mirror just below the yam caused interference with the hairs, as well as allowing 
the mirror to be easily contaminated by falling debris from the yam. Consequently a 
solution is required which overcomes the aforementioned problems, whilst not 
increasing the depth of field requirements for the imaging configurations. Such a 
solution is shown in Figure 9.1-1. 
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mirrors 
··························-U ... 
I : glass 
........ _ ........... 1. ... ___ ........... _1_._ .. _ 
1 
i paths of light CCDcamera 
light source 
Figure 9.1-1 - Proposed mirror arrangement for unguided yarn imaging, 
configurations 1 & 4. 
Points to note: 
i) The hairs on both sides of the yarn are unhindered by the mirror arrangement 
and glass. This is achieved by placing the mirror at a sufficient distance from 
the yam, and re-routing the reflected view into the desired position in the 
image via supplementary mirrors. 
ii) The mirror implementation does not increase the field depth, due to the use of 
'fore-shortening'. This is an established technique where glass is used to 
increase the optical path length, in this case of the non-reflected view, thus 
equalising the optical path lengths of the two right -angled views. 
iii) The fore-shortening glass is made to cover a wider area of the yarn image 
than is presented by it to the camera. This is to avoid any deformations of the 
image at the boundary between the glass and air. 
iv) The mirror is held above the yarn in order to avoid falling dust contaminating 
the mirror surface. This kind of contamination causes stripes in the image, 
and cannot be corrected for by flat field correction since the dust pattern 
changes dynamically throughout the yarn image acquisition. This has been 
found during preliminary tests using the mirror below the yarn. 
308 
------------------------------
Chapter 9 - Further work 
9.2 Yarn guidance mechanism. 
In Chapter 4, the need for a yarn flattening mechanism was also identified to restrict 
the depth of field where allowable, enabling high resolution without the need for 
digital de-convolution processes for high speed yarn inspection. This also allows 
more fibres to be identified from the whole yarn circumference, without the lengths 
being affected by angular displacements from the irnaging plane. The correct and 
optirnised imaging conditions for such an arrangement were shown in chapter 4. 
A glass guide plate system was designed, constructed and tested and is shown in 
Chapter 7. In this construction, the plates were static relative to the yarn. However, 
this system was not adequate for the task. It was shown that it suffered from 
contamination problems, as well as affecting the yarn fibre angles as they dragged 
across the plates. The entrance of the fibres to the plates at speed would cause those 
at different angles to the irnaging plane to impact the plate sides, thus increasing 
hairiness and 'fly' (disconnected air-born fibres). 
It is necessary to use a plate guidance system which moves at the same translational 
speed as the yarn, such that the drag friction of the fibres against the plate is reduced 
to negligible force, and the plates can be cleaned from contaminating particles 
continuously. 
In order to achieve these tasks, a solution is proposed below and shown in Figure 
9.2-1. The principle is to use rotating guide plates in an axis normal to the plates. 
The rotational speed of the plates is matched to the yarn linear speed such that their 
relative speed is reduced to zero. 
It is possible to preserve the two orthogonal views of the yarn core with this 
configuration, provided that the yarn is imaged off-centre to the plate rotational axis. 
A mirror can be used to view the yarn down the plate gap, as well as through the 
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plates, in much the same way as the unguided yarn mirror method used previously in 
this work. 
field lens 
rrurror 
~ cleaning rod 
~ 
~ 
CCDcamera 
Figure 9.2-1 - Yarn guidance method using rotating glass plates. 
The yarn can be illuminated from the front or back -lit. A rotating cleaning brush is 
shown in the sketch, which would be used to take fly and contamination away from 
the plates. It would have to be made of a suitable material so as not to wear or etch 
the glass. 
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Provided that the yarn enters near the top of the plates, the tangential velocity at the 
entrance point would be very close to the velocity at the point of imaging, and 
therefore would prevent the yarn from impacting the plate sides. 
9.3 Re-design of the LYSS transport mechanism. 
The capstan roller transport system for the L YSS is both too slow, and imparts 
considerable pressure onto the yarn by the pinch action. It would be useful to develop 
a constant tension transport system, which could accurately control the yarn speed, as 
well as its position. Alternatively, the Lawson-Hemphill CTT transport device would 
be a most welcome addition to the L YSS. 
9.4 Use of incoherent dark-field imaging 
Due to limitations in the scope of the work, the advantages of incoherent dark-field 
imaging were not pursued to any extent. However, the ability for core and hair 
separation, twist angle measurement, and good hairiness detail make this method 
very promising. Systematic tests could be carried out on metre length yarn samples, 
using high magnification front lit illumination as a reference to the yarn diameter 
(measured manually), and incoherent dark-field illumination as a means to measure 
yarn diameter via image processing methods. This would need specially developed 
image processing algorithms designed to work with the dark-field images. 
9.5 'Fused' data. 
The best correlation between different yarn measuring instruments, is to use the same 
piece of yarn. Consequently attempts to provide a measure of the yarns linear density 
from image data would best be developed using a capacitance sensor near to the 
measuring area of the CCD instrument. The two measurements could be directly 
compared rather than statistically, and changes to the image processing algorithm 
could be bench-marked against the capacitance mass data, to give indications of 
improvements. The combined use twist and cross sectional volume data could be 
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used to correlate the CCD instrument with the yarn mass as measured by the 
capacitance sensor, more accurately than just using yarn volume (or diameter) on its 
own. Such a direct correlation and comparison would be of great interest to the 
research community. 
9.6 Twist determination at high speeds. 
At the end of chapter 8, a series of suggestions were made for implementing twist 
inspection at high yarn speeds. I believe the successful implementation of such 
techniques would be of great use to the textile industry. 
9.7 Measurement of discrete yarn faults 
The determination of the number of thick and thin places along the yarn is a very 
common test in yarn production. It would be most useful to add this fucility to the 
L YSS, the results of which could be correlated to both mass, and diameter thick/thin 
place measuring instruments commonly available. Neps, slubs, knots, and other 
discrete yarn faults could also be researched in terms of the ability or advantages in 
using vision for their detection. 
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The thesis began with a theoretical investigation into factors which limit the yarn 
image resolution. A simple model of the frequency content of yarn fibres and yarn 
core was shown, relative to optical transfer functions. The form of these functions 
depends on the type of illumination, whether coherent or incoherent. 
Fibre transparency was shown qualitatively to cause decreased contrast in the fibre 
detail and core outline. However, the property of diffusion of light within the yarn 
surface fibres was shown to enable the use of incoherent dark-field imaging. This is 
a technique where the yarn hairs and core are separated, without losing fibre 
definition. This form of illumination has not yet been seen in the literature applied to 
yarn inspection, and was applied to yarn samples in Chapter 5. 
The effects of the CCD sampling, as well as blurring due to yarn motion, were shown 
on digital transfer function graphs. The optical transfer function was shown to be 
capable of preventing aliasing, but at a cost to yarn image resolution due to its 
triangular nature. This did not apply to the coherent transfer function, which gives 
coherent back-lit illumination an advantage (but which was later outweighed by 
temporary practical factors against coherent illumination). From yarn imaging 
experiments, the theoretically negative effects of aliasing were not considered as 
.~ 
important as achieving good resolution between surface fibres and the core. 
A series of yarn imaging configurations were defined, which cover the potential use 
of machine vision applied to different forms of yarn inspection. These showed the 
consequences of magnification to the image spatial resolution, the aperture setting, as 
well as the size of CCD devices required. The configurations were then analysed in 
terms of high speed yarn inspection. The data rates needed to detect yarn features at 
high yarn speed, which also require high magnification, such as twist, were shown to 
be completely unfeasible with current technology 
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Following on from this, a very detailed investigation into the requirements for 
preventing misfocus degradation of the yam image was carried out. The misfocus is 
due to the finite depth over which the hairs exist. 
Various techniques from previous research were simulated and investigated in terms 
of their ability to provide satisfactory misfocus correction without image 
degradation. These included purely real apodisers (positive and positive / negative) 
as well as very recent wavefront encoding techniques. Apodisation methods which 
involved de-convolution were found capable of maintaining the image resolution at 
significant field depths, but with unacceptable losses in dynamic range. Apodisation 
which did not involve de-convolution could only work over much smaller field depth 
ranges, but was considered more suitable to coherent irnaging (which cannot use de-
convolution). Accurate simulations of wavefront encoding methods revealed a 
significant disadvantage in those pupil masks that have been published. This 
disadvantage is that the OTFs were non-circularly symmetric such that diagonal 
frequencies, for example those which are vital for yam twist measurement, are 
dramatically attenuated. Attempts were then made to design more symmetric OTFs, 
still using the cubic phase mask principle. These attempts were successful in this 
regard, but could only work over a much reduced field depth range - too small for 
yam irnaging. 
A solution was arrived at, and was considered as the only practical option to prevent 
misfocus. This involved the use of transparent guide plates which force the hairs into 
the imaging plane. The optical advantages of such a solution were investigated in 
depth, along with a means of optirnising the aperture to enable maximum resolution 
at the guide extremities. This method also provides increased resolution for the yam 
twist detail and core edge definition. The use of the guide plates was demonstrated 
from a static prototype form of the plates, on a few yam samples. 
The main theme of Chapter 5 was to investigate techniques, both optical and digital, 
which could pre-process yam images prior to yam parameter measurements. The 
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main point to consider was the successful separation of yarn hairs from the core. 
However, it seems little information is published regarding which fibres on the core 
surface constitute the core body. To this end, two arbitrary definitions of the yarn 
core and surrounding fibres were given, each relative to the intended purpose for the 
yarn core data. 
Different types of illumination were analysed for their advantages and disadvantages 
with regard to yarn imaging. In terms of back-lit yarn applications, coherent back-lit 
illumination was found to be the best for its good contrast and resolution. However, 
problems from constructive / destructive coherent interference noise prevented this 
method from being used in the L YSS. Instead, incoherent light was used with the 
L YSS, using a field lens to maximise light thru put. This was found to be an 
invaluable method for the subsequent tests in the rest of the work. 
The use of dark-field imaging was investigated, using coherent light. Coherent dark-
field imaging is important to consider, due to its use in the popular Uster Tester 3 and 
Tester 4 SX instruments. It was verified that the core could be successfully removed 
from the yarn image, leaving only surface and periphery fibres. However, the effects 
of the high pass spatial filtering cause considerable degradation in the fibre 
definition, and spatial detail, thus hampering yarn hairiness measurement techniques 
which work on such detail. Also, tests in chapter 7 showed that the spatial filtering 
method was not able to separate particularly dense areas of surface fibres from the 
core - a point seen particularly with rotor spun yarns. 
The use of incoherent dark-field imaging showed considerable potentia\, in that it 
was possible to maintain the hairiness detail, whilst providing an effective means of 
core and hair separation. Furthermore, modifications to the technique were found to 
enable front surface fibre orientation to be observed, for twist angle determination. 
Such a feature was not investigated thoroughly, due to scope of work limitations. 
However it is an avenue strongly recommended for further work. 
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Back- lit illumination was chosen in this thesis to provide images for subsequent 
image analysis, due to its good contrast, and established use in previous research. A 
series of image processing / enhancement methods were then described. The most 
important was a high pass two-dimensional filter. The filter could be designed in 
such a way, as to filter the core frequencies from the hairs. By making the mean of 
the filter slightly positive, it was possible to produce a grey level image, which upon 
thresholding produces a binary image that adequately represents the original core 
width and hair widths. The use of one-dimensional filters was shown to not be 
appropriate to yarns of high length-wise resolution (low aspect ratio), in the presence 
of moderate random noise or phase distortions in the image. 
A series of aspect ratio classifications were presented, which cover the range of 
applications of yarn image inspection, for both high and low yarn speeds. 
As well as the 2D convolution filtering, two other forms of yarn image processing 
were proposed, both designed to reduce the processing time required for yarn 
images. The first uses standard unfiltered image thresho lding for the peripheral 
fibres, and 2D hi-pass convolution filtering for the core. Although much faster than 
the straight 2D convolution, the peripheral fibres had widened widths due to 
misfocus. The intended implementation of the guide plates will remove this problem 
for everything except high magnification images. 
The third method is meant for yarns imaged at high speeds, and is similar to the 
second, except that filters of greater hi-pass effect, and more highly sensitive 
thresholds are used. This method was shown to work effectively on a yarn sample 
that simulated conditions of image capturing at high yarn speeds. It is for further 
work to systematically test this method on different yarn samples. 
The next phase of the thesis, was to investigate some forms of yarn quality 
measurement. To being with, the L YSS system was applied to intermingled yarn 
inspection. 
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The algorithm used within the L YSS for nip detection has been developed through 
several stages. Diameter profiles from intermingled yarns were analysed, and the 
problems in nip detection specified. These problems were essentially from both low 
and high frequency components in the diameter. Low frequency components were 
strongest in single views of the yarn, which led to the postulation that superimposed 
views would be required for nip detection. 
The developed nip detection algorithm measures a geometric property of nips, which 
is unit-less and easy to understand. A form of band-pass filtering is used, based on a 
moving average filter of one third of the mean nip length. This filter length was 
found to be optimum for different kinds of intermingled yarns. 
Two types of yarns were inspected. The first was a thicker yarn, with more visually 
obvious nips. For this yarn, the nip-to-nip distances were carefully inspected 
manually, and the same length of yarn was inspected by the L YSS. The correlation 
between the two methods of measurement was almost exact. The algorithm was also 
able to identuy nips as being poor, that had also been found manually to be poorly 
formed. 50 metre sample lengths of yarn were then tested, both at high and low yarn 
speeds, with the nips per metre counts detected successfully. The use of 
superimposed views for intermingled yarn inspection was shown, surprisingly, to be 
unnecessary when detecting nips at the sensitivity of human inspection. This was 
surprising because it is common during manual inspection to rotate the yarn to ensure 
a particular section is in fact a nip. However the requirement of only one view was 
attributed to the high sensitivity, but corresponding selectivity, of the ratio method of 
nip detection. There was no need to use superimposed views at low scanning 
resolution either, since the algorithm could detect nips in single views at scan 
resolutions of down to 3.4 mm per scan (for a nip pitch of 18 mm). An even more 
surprising finding was that the thick intermingled yarn (yarn 1) had a preferred 
orientation in one view, such that nips were more clearly seen in one view than the 
other. Nips could still be successfully detected in each view however, using the nip 
detection algorithm. 
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The second yarn was chosen to be much finer, with nips ahnost undetectable visually 
when fully extended. The number of nips per metre were determined manually 
(under near-zero tension conditions), and again verified with the L YSS. This test 
showed the algorithm's ability to measure nips under more difficult conditions. 
Again, the nip detection algorithm was shown to be able to detect nips in single 
views as well as superimposed views, at the same sensitivities of human visual 
inspection with the yarn under no tension. The algorithm did however produce 
higher standard deviations of nip count per metre between metre samples than 
manual inspection. Simulations of reduced length-wise resolution showed that the 
algorithm is capable of measuring nips at high yarn speeds. 
An attempt was made to measure nips on flat acetate yarns. These tests, however, 
were unsuccessful, with the algorithm unable to distinguish twist points from 
mingled places. Further work needs to be carried out in this area. Preliminary 
investigations on measuring filament orientation at high magnification, showed that 
using this method, the nips could be distinguished from non-mingled sections. It is 
not yet known whether this also applies to twisting in the yarn. 
In the hairiness section, a series of hairiness indices were described, one of which 
being unique to this research. The known discrepancy between the hairiness values 
of yarns with a high degree of short hair hairiness (rotor spun), and yarns with more 
long hair hairiness (ring spun), was investigated in two ways. A yam sample was 
imaged at high resolution using coherent dark-field imaging, image processed back-
lit illumination, and using a new method that integrates the hair shadow profiles from 
the back-lit profile (M index). One conclusion was that the V index, (mean number 
of hair pixels per line) favours hairs which lie away from the core relative to the 
other forms of hairiness measurement. The new M index favoured hairs which are 
closer to the core, and so is more suitable for comparison with the UT3 hairiness 
measurement. 
A series of tests were carried out on both the UT3 hairiness meter, and the L YSS, for 
a yarn set containing both ring and rotor spun yarns. The discrepancy again existed, 
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but the new M index showed the property of weighting surface core fibres similar to 
the UT3 H index. However, its overall correlation with the UT3 H index was not as 
strong as hoped. 
A parameter designed to simulate popular photo-sensor hairiness instrument 
measurement, the NL index, was implemented in the tests. This is the first time such 
an index has been demonstrated from yarn images. The index was shown to behave 
according to theory, in that it represented overall hairiness, and showed even greater 
distinction between rotor and ring spun yarns in correlations with the un, due to the 
inability of photo-sensor methods to detect hairs very close to the core. For 
simulation purposes however, this is what is expected if the index is functioning 
correctly. 
Other properties for the V index were concluded from the tests, such as the 
importance of using two sides of the image for CV% calculations. The use of two 
sides of the yarn image did not produce significantly different correlations between 
the V and UT3 H indices, as when using only one side. However, the CV% for the V 
index (for a variance length of Icm - same as for the UT3) was shown to be 20 % 
lower if taken from both sides than from only one side. 
A series of tests were also carried to determine the L YSS' s ability to measure yarn 
diameter against other known methods. A very high correlation was found between 
the Zweigle 0580 diametrical evenness tester and the L YSS. This shows that the 
L YSS is capable of emulating photo-sensor type evenness testers. The CV% showed 
the same order of values between the two instruments, but modest correlation 
between them over the yarn test set used (yarns with different counts, fibre mixtures 
and spinning methods). 
The correlation between the UT3 evenness meter, and the L YSS was not as high as 
for the 0580, but this is to be expected as one measures mass, the other measures 
diameter. Again, the CV% was of a similar magnitude, with the L YSS CV% 
generally lower, as theory would predict. 
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A method for measuring surface fibre orientation (twist) from high-magnification 
front-lit yam images was successfully achieved. This method utilised the Fourier 
transform. A series of tests were carried out on a ring spun yarn, with the yam 
untwisted by known amounts, and the change in twist detected successfully by the 
L YSS. The algorithm is in an early stage of its development however, and the 
standard deviation for the twist measurements along the yam samples appeared very 
. high. The algorithm was best used over many samples, from which it correctly 
determined the changes in twist level. 
This thesis is wide-ranging due to the number of potential uses of computer vision 
for yam inspection, but where necessary, targets more in-depth investigation into 
issues involved in yam image capture and analysis. The increased complexity and 
cost of the computer vision approach would need to be offset by advantages it gives. 
This I believe is certainly the case, and upon further investigation could replace 
many forms of conventional yam inspection methods. The essential advantage of 
computer vision is the simultaneous acquisition of many types of yam parameters. 
In this thesis, a number of applications of vision to yam inspection are demonstrated 
successfully, but there are still more to investigate in further work. 
Vision-based applications have appeared in textile circles, but to date have not 
become established as widely recognised methods of yam measurement in industry. 
This is starting to change, with recognised companies such as Zellweger Uster and 
Lawson-Hernphill now utilising this technology. It would be important in further 
work to develop and demonstrate a strong correlation of measurements from a 
vision-based instrument to those oflong established and widely used methods. 
Implementation of concepts in this thesis, such as the yam image processing 
methods, simulations of other established instrument indices, the yam guiding 
method, intermingled yam nip detection method, and a better understanding of the 
relationship between transverse scanning and dark-field illumination hairiness (Un), 
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could potentially help to further the use of computer vision ill yarn quality 
inspection. 
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definitions used in Chapters 2 and 3. 
A.I Digital theory and terminology. 
A.1.1 Imaging terminology for Chapter 2. 
The following section overviews commonly known imaging terms and relationships 
that enable the machine vision literature review in Chapter 2 to be presented more 
completely, as well as to define terms. 
A charge couple device (CCD) is a row or area of light-sensitive elements that 
acquire a charge proportional to the amount of incident light energy. By imaging a 
scene or object onto the element array, an electronic equivalent of the scene is 
obtained which can be digitised and processed, or viewed, using a CCD camera 
interface and computer system 
Essentially, images are composed of lines of information, which when placed 
together form a picture. This is the principle of the television, where each line is 
referred to as a raster. To obtain an image from a moving object, the raster lines can 
either run along the axis of the object motion, or on a transverse axis. When 
acquired along the direction of motion axis, the lines of the image have to be 
acquired simultaneously in an array, and quickly enough to avoid blurring due to the 
object motion. This approach is known as area scanning, and is common in the 
machine vision industry for many applications. It is achieved using area scan CCD 
cameras. 
The complexity and cost of machine vision hardware increases dramatically with 
increasing data rates. The data rate is normally taken as the number of pixels 
acquired per second, and is a function of the number of pixels per frame and the 
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frame rate - a frame being a fixed number of lines, and the frame rate being the 
number of frames per second. The number of pixels per frame for area scan cameras 
is fixed by the CCD sensor. 
data rate <for area scan) = no. pixels per line x no. lines per frame x frame rate. 
The pixel resolution of an imaging system is the size on the object that one pixel in 
the image represents, and is determined by the magnification of the optical process. 
The field of view is the area on the object which can be imaged onto the sensor, and 
consequently is a function of the magnification, the number of pixel elements in the 
sensor, and the physical pitch of the CCD pixels (normally between 7-15 microns) 
Field of view (horizontal axis) 
= -,-p:::cix:c,e",l Pc.:i;.:tc::;.h_<"h:c,on:c,· z:::c0:c,nc::ta"'I):.......::.X::......:.:n:.:;u.:om:.:b.::.er:-o:.:f..::p:.:ixc::ec::ls"'<"in"-"-ho::.:n::;.· z:.:o::.:nt:.:a::..l :.:lin",e",)_ 
magnification 
= pixel resolution (horizontal) x number of pixels (in horizontal line) 
For the vertical field of view, replace 'horizontal' with 'vertical' in the above 
equation. The vertical pixel resolution and pitch are usually more or less the same as 
for the horizontal resolution and pitch for area scan cameras. 
It is accepted in machine vision theory [Loughlin, 1989] that the area scan principle 
is sometimes not the best solution for an application. This is often the case with a 
rapidly moving object, where resolution in the transverse direction to the object 
motion is more important than in the object's axis of movement. An example of this 
is when measuring the presence of nips in a false-twisted intermingled yarn, where it 
is important to resolve the yarn diameter accurately, but the diameter itself changes 
in a relatively slow fashion along the yarn. The subject is covered extensively in 
Chapter 6. 
In order to optimise the hardware solution to the imaging problem, it is sometimes 
possible to compromise the resolution in one axis, keeping the other axis resolution 
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relatively high. This is essentially the main advantage of line scanning. With this 
method, the CCD consists of a single line of pixels. The object is moved in a single 
axis, perpendicular to the sensor line, with consecutive lines acquired to build up the 
image (see Figure A.I-I). The line resolution is the distance between consecutive 
lines on the object. The data rate is greatly reduced compared to area scanning, due 
to the decreased resolution in one axis. 
data rate (line scan) ~ no. pixels per line X no. lines per second 
no. pixels per line X Object speed =~~~~~li~ne=re~so~lu-t~io-n~~~~ 
Digital CCD cameras are so called because they digitise the pixe1 data before 
transmitting it through cables to the frame grabber hardware. Analogue cameras, on 
the other hand, transmit the data as an analogue electronic voltage, and rely on the 
frame grabber to digitise it. This has the disadvantage that the transmitting cable can 
pick up electronic noise, which deteriorates the signal. The signal can also lose 
definition due to the cable capacitance or inductance. The advantage is that analogue 
cameras are cheaper, and the analogue signal can be manipulated electronically, in 
terms of gain or filtering, in a cheap and non-processing manner. 
A.1.2 Transverse / line scanning for yarn imaging. 
Transverse methods use the line-scan principle (Figure A.I-\). The L YSS used in 
this work is an example of this method. They measure the light intensity profile 
across the yarn in a line perpendicular to its core axis, and obtain information across 
the entire yarn width. The yarn is moved relative to the measuring line, and by 
taking repeated lines, a yarn image can be obtained. The light intensity profile in the 
L YSS is formed by back-lighting the yarn, casting a shadow onto the sensor, but can 
also be formed by lighting the yarn from the same side as the camera. 
324 
Appendix A - Theory, equations and definitions used in Chapters 2 and 3 
light intensity across scan line 
direction of travel 
scan line 
distance along scan 
next scan line 
transverse direction 
Figure A.J-J - The principle of line-scan 
The voltage obtained from the sensor is an analogue waveform representing the light 
intensity profile. It is processed in one of several ways depending on the instrument 
used. A simple form of processing is to apply an analogue threshold to the voltage 
from the sensor, producing a binarised signal (zero volts for lower than threshold and 
non-zero for above threshold). With the run-length-encoding method, the edges 
(transitions from 0 to I or I to 0) of this binarised data are then calculated, and used 
to represent the image with a much reduced volume of data. 
A.2 Definitions and theory for Chapter 3. 
A.2.1 Digital imaging definitions. 
It is important to clarify the difference between the object and the image transfer 
functions. In any optical system there is always an object side, where the physical 
object resides, and an image side where its image is formed. A frequency spectrum 
referred to the object will have a different spectrum from that referred to the image in 
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tenns of image spatial quality and, importantly, frequency scale. If the magnification 
is anything other than I (for example if it is 2), then a point on the image spectrum 
will correspond to a point on the object spectrum with a different frequency (half the 
frequency in this case). 
The unit of spatial resolution is often taken as line-pairs per millimetre. One line-
pair has one dark and one light stripe, which is the square wave equivalent of a 
sinusoid with a wavelength the width of the line-pair. The imaging system is not 
able to resolve between the dark and light stripes for line-pairs with frequencies 
higher than the maximum resolvable spatial frequency. 
The sampling period of an imaging system is the distance between samples, which 
can be referred to the object or the image. For a line-scan system, the horizontal 
sampling period is the distance between CCD pixels divided by magnification (when 
referred to the object). For a line-scan application, the vertical sampling period, 
referred to the object, is the distance from one line to the next on the object. This 
equals the object velocity multiplied by the time of one line acquisition. 
Vertical sampling period object vertical velocity x time to acquire one scan 
The sampling frequency is the inverse of the sampling period. The Nyquist 
frequency is defined as a half of the sampling frequency. 
Aliasing occurs when a spatial frequency which is higher than the Nyquist frequency 
is present in the object. Owing to its importance in this study, it is illustrated below. 
Aliasing happens because of two properties of any digital frequency spectrum. The 
first is that the spectrum is symmetrical about the amplitude axis, and the second is 
that the spectrum is periodic with a period of l/sampling period. 
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aliasing 
I 
nyquist frequency = f,/2 
sampling frequency Is 
Figure A.2-J - Form of the digital frequency spectrum showing aliasing. 
The effect of aliasing is to produce low frequency components in the image which 
are not physically present in the object. For a regular pattern such as stripes or 
squares, this effect can appear as a moire pattern. For images with a more complex 
frequency content such as a yam image, aliasing produces noise. 
The imaging transfer function (ITF) is the digital transfer function for converting the 
continuous light image incident on the CCD array into an array of discrete digital 
samples (pixels) making up the image. 
A.2.2 Optical definitions and theory. 
A propagating light wave front can be considered in terms of amplitude and phase, 
and hence can be represented in complex notation. The intensity of the wave is its 
amplitude squared. Spatially coherent illumination is the term used for a property 
where the phasor amplitudes of light coming from all points on an object vary in 
unison. This is obtained when the light source can be considered as coming from a 
point, and an approximate example of this is the laser. Spatially incoherent 
illumination is the opposite, where the phasor amplitudes at all object points are 
statistically unrelated. This is the case when an extended light source is used, such as 
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a bulb, or a laser through a diffusing screen, and is the type of illumination used for 
most of the imaging experiments carried out in this work. 
There are two types of coherency, spatial and temporal. As has been mentioned, 
spatial coherency is to do with the synchronisation of phasor amplitudes on the 
image. Temporal coherency refers to the relationship between phasor frequencies on 
the image. An example of temporal incoherence is non-monochromatic light, which 
comes from a source that has a wide range of temporal wavelengths. A light source 
is termed quasi-monochromatic if the bandwidth is small enough to satisfY several 
conditions (see Goodman 1996, chapter 6). White light, such as that from a tungsten 
halogen bulb, has a wide bandwidth. Light from a laser source is normally 
considered temporally coherent. 
The Coherent transfer function (CTF) is the term given to the frequency response of 
an optical system illuminated by spatially coherent light. Conversely, the incoherent 
transfer function, also termed the optical transfer function (OTF), is the term given 
to the frequency response of a system illuminated by incoherent light. 
A transfer function can have complex notation parameters of phase and amplitude. 
The modulus of the OTF is termed the modulation transfer function (MTF), and is 
the simpler and more common form of information available on the performance of 
commercial camera lenses. The term diffraction limited at a given aperture 'F 
number' means that a lens system does not impose optical aberrations above this 'F 
number', and the OTF for the lens is determined only by the diffraction limit of the 
aperture. 
The point spread function (PSF) (also termed the impulse response) is the term given 
to the image of a point source (Figure A.2-2). The image can be considered as the 
object convolved with the PSF. From the convolution theorem, the PSF is therefore 
the inverse Fourier transform of the OTF. For an ideal system the PSF would also be 
a point, and the transfer function would be unity for all frequencies (the Fourier 
transform of a Dirac delta function). 
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Figure A.2-2 - The point spread/unction (impulse response) 0/ a lens. 
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Figure A.2-3 - Relationship between PSF, OTF and M'I'F 
For incoherent systems, the complex image field is squared to intensity, and 
convolved with the PSF. The incoherent PSF is also the inverse Fourier transform of 
the OTF, which in turn is the auto-correlation of the complex pupil function 
[Goodrnan, 1996, p. 155]. 
For coherent systems, the complex field is convolved with the complex PSF and then 
squared to form the image intensity. The coherent complex PSF is the inverse 
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Fourier transfonn of the CTF, which in turn is the same as the pupil function. 
[Goodman, 1996, pp. 135-136]. 
Consequently, for incoherent systems, the point spread function is object 
independent, since it is convolved with the image intensity. For coherent systems, 
the PSF and the complex image are convolved before being squared to the detectable 
image intensity. In this case, the PSF is regarded as object dependent. 
A.2.3 The frequency cut-off equation. 
ohiect 
! object direction of 
, 
lens 
diameter 
, 
I U 
" 
:lE " 
" 
, 
/ 
Figure A.2-4 - A geometrical understanding oJ the Jrequency cut-off equation. 
From the Abbe theory of image formation, every spatial frequency on an image with 
wavelength d can be considered as a beam of plane light waves (wavelength A) 
travelling at an angle e to the image. From Figure A.2-4, the relationship between 
them is seen as: 
sine = A = ft. 
d 
Equation A.2-J 
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Where d is the grating pitch, and e is the angle at which the nth order maximum 
diffracts from the grating. lId =fis the corresponding spatial frequency. 
Therefore, the maximum spatial frequency for a lens system is given by the angle of 
the beam of light which just reaches the edge of the lens. 
Equation A.2-2 
sinB' B' 
Also, jcut,=--=-
2 2 
Equation A.2-3 
Where fcut. is the maximum spatial frequency that can reach the lens from the 
object. fcutI is the maximum spatial frequency seen in the image. 
For small angles sin e = e 
The lens equation: 
I 1 I 
-=-+-j u v and magnification 
Equations A.2-4 
v 
m=-
u 
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therefore: 
u 1 
-=1+-
f m 
but numerical aperture F is defined as 
therefore u = FD( 1 + !) 
Equation A.2-5 
From the geometry of Figure A.2-4, it can be seen that 
D 
tane = e =..l.. 
u 
Equation A.2-6 
Therefore combining Equation A.2-2, Equation A.2-6, Equation A.2-5 
m 
fcuto = 2FA(1 + m) 
Equation A.2-7 
Ifwe consider the image side, 
D 
tane '= e ,=..l.. 
v 
and, since: 
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v = f(l +m) 
1 
Therefore, B' = ----
2F(l +m) 
1 
feut, = 2FA.(1 + m) and 
Equation A.2-8 
A.3 Calculation of CCD camera bandwidth. 
In order to determine the frequency response for the electronics, it is necessary to 
have a known input with a wide frequency band (such as an impulse function) and to 
measure the output. The ratio of the output to the input spectrum will give the 
frequency response function. 
The impulse was chosen as a polyester filament, 16 J.lm in diameter, imaged onto the 
CCD with a magnification of 0.8 (making an image of 13 J.lm - the same as the CCD 
pixel pitch). Its diameter was verified using laser diffraction. The first 
approximation in this experiment is that the filament is opaque, whereas in practice, 
the filament is partially transparent, acting as a cylindrical lens. The in-focus image 
of such a filament, however, has a similar width of light disturbance than its opaque 
equivalent [Alagha, Oxenham, & Iype, 1994]. There is an uneven level of light 
intensity across the filament image width, but since it is being focussed onto a single 
CCD element, these effects can be assumed to be insignificant to the level of 
accuracy of the experiment. The filament was placed on the optical axis to avoid 
lens aberrations, with the aperture as wide as possible (approximately F2). 
The ideal input which is of the form of an ideal 13 J.lm top hat signal is shown in the 
lower half of Figure A.3-l and is referred to the image plane. The scanned image 
profile is shown in the upper half of the figure. The frequency spectrums of these 
two plots are shown in Figure A.3-2 but are referred to the object plane for 
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comparison with other transfer functions. It is quite clear that the scanned filament 
image has had a low pass filter upon it. The logarithmic graphs of the fast Fourier 
transforms (FFTs) are shown in Figure A3-3 with an extended frequency range. The 
troughs in both graphs correspond to the CCD pixelation effect on the ITF. 
By dividing the scanned filament FFT by the ideal image FFT, a crude 
approximation of the frequency response function is obtained. Figure A.3-4 shows 
the responses at lower clock rates. Other responses at different clock rates are also 
shown in Figure A3-5. Due to experimental simplicity, the responses may not be 
too precise in absolute terms. However, from the relative changes in bandwidth, it is 
clear that the electronic bandwidth exerts quite a substantial low pass filter for 
individual filaments. 
There is a larger bandwidth at lower rates, as would be expected, although it seems 
apparent that there is also some fonn of high pass filtering, which becomes more 
noticeable the lower the clock rate. On the image this appears as raised edges around 
the filament, even above the background illumination (Figure A3-6). This is some 
type of signal enhancement within the OVB I 0 electronics. 
The frequency responses are dependent upon magnification in the same way as the 
CCD pixel averaging. Therefore higher magnifications reduce the effect of the 
electronic bandwidth. 
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Figure A. 3-1 - Practical and ideal profiles of a 13 J.Un polyester filament (referred to 
the image). 
scanned filament power spectrum 
3oor-----r-----~----~----._----._----~----~----, 
200 
100 
°0L-----~8--~~1~6~--~2-4----~3~2~--~4-0----~4~8----~56----~64 
line pairs Im m I m ag 
ideal filament power spectrum 
800,-----r-----~----._----._----._----~----~----, 
600 
400 
200 
O~ __ d---~ __ --~--~--~--~~~d----J 
o 8 16 24 32 40 48 56 64 
line pairs/m m I m ag 
Figure A.3-2 - Power spectrums of output and input signals (referred to the object). 
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Figure A.3-3 - Power spectrum o/ideal and scanned images with logarithmic scale. 
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Figure A .3-4 - Frequency response (scanned / ideal image power spectrums) at high 
clock rates. 
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No rm alised frequency reponses for low clock rates. 
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Figure A.3-5 -Frequency responses at lower clock rates showing the high pass 
filtering effect. 
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Figure A.3-6 - Light intensity profile offilament scanned at 2.14 MHz showing high 
pass filtering. 
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3 D imaging, and miscellaneous results. 
The work in Chapter 4 is based around theory developed in the literature. This 
appendix briefly summarises the important results, and is meant as a supplement to 
Chapter 4. 
B.I The pupil function. 
The pupil function is defined as the complex wave filter given by the aperture (or 
exit pupil). For simple systems with a clear circular aperture, the pupil function is 
unity for all values inside the aperture, and zero outside. 
P( . k) I 0 <_ fj .2 + k 2 <_ D j, =, "IJ 2 
=0 otherwise 
Equation B.J-J 
Where D is the aperture diameter, j & k are the pupil spatial co-ordinates. 
For certain applications, the pupil can have both amplitude and phase modulation: 
Q(k,/) = P(k,/) x ~(k,/) 
Equation B.J-2 
The relationship between the spatial co-ordinates across the pupil, and radial spatial 
frequency R from the pupil's filtering effect is given as follows: 
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Equation B.1-3 
where p =.j k' +]2 , V is the image distance. 
A property of the pupil function for coherent systems is that the CTF is equal to the 
reflected pupil function. 
H(R) = P(-AvR) 
Equation B.1-4 
For incoherent systems, which are the main type of system considered in this chapter, 
the OTF is given by the auto correlation ofthe pupil function. 
Equation B.1-5 
The autocorrelation of any function always has its maximum at zero. Consequently, 
it is impossible to attenuate the zero frequency component relative to the other 
frequencies. This makes common forms of optical high pass filtering using 
incoherent imaging impossible. 
Apodisation is a technique which relies on the relationship between the pupil 
function and the OTF, or for coherent imaging the CTF. By altering the amplitUde or 
phase of the pupil, the system transfer function can be modified in a specific manner. 
In most of the earlier forms of apodisation, the pupil function was only real and 
positive. Such a pupil is realised by applying a transparency (such as a 35mm slide) 
with various degrees of shading. Since the phase shift across the transparency is 
constant, its effect on the transfer function is effectively only in positive amplitude. 
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Due to the shading of the transparency, there is a significant loss of light throughput 
to the system. The throughput T of a pupil, normalised by the throughput of a clear 
circular pupil is given by: 
Equation B.1-6 
In more recent methods of apodisation, the pupil function is real, but can be positive 
or negative. The negative transmission is realised by causing a 180 degree phase 
shift in the wavefront transmitted through the pupil. 
Wavefront encoding is the most recent pupil modifYing technique [Dowski & 
Cathey, 1995], where pupil functions with unity amplitude and modified phase are 
used. Consequently, the light throughput for this technique is far better than for 
apodisation. 
The term diffraction limited, when referring to a pupil, means that the OTF does not 
have any phase disturbances due to misfocus, or other aberration. The term applies 
to both apodised pupils and clear circular aperture. The term clear circular aperture 
OTF is used when describing the OTF of a pupil that is not apodised, is from a 
spherical lens, and has a circular orifice. 
B.2 The wave interference concept to describe out-of-field 
aberrations. 
This analysis extends the work by Hopkins [1955], who used an analysis technique 
based on wave interference due to differing optical path lengths for an unfocussed 
system. From this technique he was able to generate the optical transfer functions for 
circular and square apertures with different degrees of out-of-focus aberration. The 
analysis is correct for spatially incoherent monochromatic light sources. In the 
following section, a brief explanation of the method used by Hopkins is given. 
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In his analysis, Hopkins models the out of focus distances on the image side. For the 
analysis in this thesis, we need to consider the out of field distance on the object side 
e (related to the yam guide width). However, it is possible to adapt Hopkins's 
approach to consider the object side. This is done by assuming that an out of focus 
distance on the image side is caused by a corresponding out of field distance on the 
object side, and is shown in Figure 8.2-1. 
This figure also shows a lens system with two points on the object 0 and A, that are 
imaged to points 0' and A'. Point A is situated on the correct object plane, and 
would correspond to a point coming from the centre of the yam guide system. Point 
o is situated in an out of field plane and would correspond to a point coming from a 
non-vertical fibre. In this illustration, the image from 0 is focussed at 0', but is 
detected by the CCD sensor at A'. The objective of the following analysis is to 
determine what effect this has on the image of 0, and the associated OTF. 
The spherical wavefront at E is generated by a point source from 0, and is 
converging to an image point 0'. However, the actual imaging plane where the 
sensor is situated is at A'. The reference spherical wavefront that converges to point 
A' is shown by the dotted curve, alongside the actual wavefront that converges to 0'. 
The optical path length difference W20, at the edge of the aperture between the 
reference spherical wavefront and the actual wavefront, is a measure of the phase 
error when imaging at A. 
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Figure E.2-] - Wave front aberration caused by an out-oJ-field distance e. 
Using geometry, and assuming that the angle e' is sufficiently small (paraxial 
approximation), the following relationship can be found [Hopkins, 1955]. 
Wzo = ..!.sin 2 e' e' 
2 
Equation E.2-] 
e' represents the out-of-focus distance on the image side. The relationship between 
e' and e, which is the equivalent out-of-field on the object side is: 
(provided that e' is sufficiently small). 
Equation E.2-2 
Since) is also known as the numerical aperture NA. 
The pupil fimction for a misfocus aberrated system is given by [Hopkins 1955] 
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QU,k) = PU,k)exp{j/cw20U' + k')} 
Equation B.2-3 
This is essentially the pupil function with a quadratic phase factor introduced. 
To enable a link between the parameters used in this thesis (F, m, e) we can use the 
paraxial approximation: 
By substituting sin B' '" I (see Appendix A) 
2F(I+m) 
We obtain: 
e' m2 e 
w '" '" -.----~_;_ 
20 SF'(l+m)' SF'(I+m)' 
Equation B.2-4 
W20 is also related to the lens formula as follows: 
Equation B.2-5 
The usual method of analysing transfer functions found in the literature is to 
normalise the frequency scale to a variable s. The point where s= I corresponds to 
the cut-off frequency in the coherent transfer function CTF from the aperture. 
Therefore s=2 is the cut-off frequency in the OTF. 
The relationship between s, and the radial spatial frequency (R for the object plane 
and R' for the image plane) is: 
2FA 
s = 2FA(l + m)R'= -(I + m)R 
m 
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Equation B.2-6 
Hopkins [1955] derived the following expression for the OTF for an incoherent light 
source using clear circular apertures: 
H (s) = ~ co{~ alsl]{fil, (a) +tSin 2p(J, (a)-J, (a»)- ~ sin 4P(J, (a)-J,(a»+ .. -} 
- ~ Sin[~ alsl]{sin p(Jo(a) - J,(a»)-iSin 3p(J,(a) - J 4 (a» + .. -} 
Equation B.2-7 
Figure B.2-2 shows the various optical transfer functions for various conditions of 
wzo· 
Optical transfer functions for focus errors 
-0.2 '-----~---~---~-----' 
o 0.5 1 
s 
1.5 2 
Figure B.2-2 - The optical transfer functions for out offield aberrations varying W20. 
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B.3 Strehl ratio, and McCutchen's theorem. 
The point spread function as a function of misfocus e' is the inverse Fourier 
transform of the OTF, and is given in terms of the pupil function as [Ojeda-
Castaneda et al., 1987]: 
~ 
fer' ,e') = 2:r JQ(p)exp{j:rAe' p2 }Jo(27lT' p ),alp 
o 
Equation B.3-J 
where r' is the image radial spatial co-ordinate, r'= ~X'2+y'2 
e' is the rnisfocus distance referred to the image. 
P is radial spatial frequency referred to the image. 
There are several ways of quantifYing the effect of rnisfocus in terms of the image 
PSF. One common method, found frequently in the literature, is the StreW ratio. 
This is defined as the ratio of the peak irradiance of the aberrated PSF to the peak 
irradiance of the diffraction limited PSF of the same system. 
S(e')= If(r'= O,er 
If(r'=O,e'=Ot 
Equation B.3-2 
An important relationship exists between the axial distribution of the StreW ratio and 
the pupil function, known as McCutcheon's theorem [McCutcheon 1964]. 
Firstly, the pupil function can be defined in one dimension under the geometrical 
transformation: 
I 
2 
Equation B.3-3 
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From this the Strehl ratio is given as: 
+<0 2 
S(e')= fK«()exp(j2Jre'I;;):I( 
Equation B.3-4 
Intuitively, this can be seen as a Fourier relationship. McCutcheon's theorem can be 
thought of as follows: the Strehl irradiance See') is the one-dimensional PSF of the 
one-dimensional pupil function (with radial symmetry). Consequently, a wide 
aperture would have a narrow PSF along the optical axis, and hence a short focal 
depth. 
B.4 The ambiguity function. 
The ambiguity function can be thought of as a polar display of the OTF for all values 
ofmisfocus [Bartelt, Ojeda-Castaiieda, Sicre, 1984]. 
The ambiguity function of the one-dimensional general pupil Q( K) IS given for 
incoherent systems as: 
Equation B.4-1 
This is related to the OTF as: 
Equation B.4-2 
where IjI is the misfocus parameter related to W20 by: 
2" 
\If ="TW20 
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The ambiguity function is a two-dimensional plot. The projection of points (s, Sljl/lt) 
onto the horizontal s axis forms the OTF for spatial frequency s and misfocus 
1jI. Consequently the projection of a line of gradient g which passes through the 
origin, onto the s axis, gives the OTF for a rnisfocus of ljI=ltg. 
B.S The validity of the paraxial approximation to non-unity 
magnification and high numerical apertures. 
In certain configurations, the yarn imaging system requires a magnification of around 
5, with a high spatial frequency requirement (high numerical aperture). Under such 
conditions, the paraxial approximation needs to be verified. 
When deriving an optimum pupil function for apodisation, Bilnau, Owen and Pease 
[1993] extended their work to large numerical apertures, and magnification. They 
used a result derived previously [Bilnau, Owen, & Pease, 1992] to remove the 
paraxial approximations from their pupil function: 
I 
N' '4 1- PN 
rn' 
I-N'p/ 
Equation B.5-J 
Where the effective pupil function is Q(PN)Qm(PN) 
Qm(PN) is the apparent pupil function. 
N is the numerical aperture, PN is the normalised radial pupil coordinate. 
For the conditions required in the highest resolution yarn irnaging, a series of plots 
are shown in Figure B.5-1, showing the apparent pupil function with various F 
apertures. It can be seen that at the lowest F number applicable to yam irnaging (F = 
2) and with a magnification of 5, there is a maximum change in the modulus of the 
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pupil function of 4%. This low figure shows the validity of the paraxial 
approximation to yarn imaging conditions, although precise pupil function 
generation would benefit from using the apparent pupil function. 
Apparent pupil function 
1.1 
1.05 a 
1L-~~~~~~====~ 
o 0.2 0.4 0.6 0.8 1 
Normalised Radial Pupil Co-ordinate 
Figure B. 5-] - The apparent pupil function, for varying numerical apertures, 
magnification 5, a; F=0.5 NA =0. 64 b; F=] NA=0.38 c; F=2 NA=.204 
B.6 Calculation of field depths for various yarn imaging 
configurations of an unguided yarn. 
This section accompanies Section 4.2. It shows the field depths for the yarn imaging 
configurations first outlined in Section 3.11.1, and figuratively demonstrates how 
they are calculated. These field depths are necessary when yarn guide plates are not 
used to constrain the field depth. Diagrams are also given to demonstrate how to 
implement the imaging of two right-angled views of the yarn without increasing field 
depth. 
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B.6.1 Configurations 1, 2 and 4 
Figure B.6-1 shows where the object field is defined, and the calculation of its depth 
for configurations I, 2 and 4. These configurations have in common the fact that 
they would be used to measure hairiness. 
maximum field depth ~ 14 mm 
......... .._.-.......... _---_ ... - .........• _._ ...... _ ............ _.......... . ................... _ ......... . 
--j-==-==_ .. ";;;;;"";;:::,, ~ 7mm -iiiiiii--------t---
O.3mm O.3mm 
Figure B.6-1- Field depth for configurations 1,2 & 4 
Figure B.6-2 shows how the two right-angled views of the yam are imaged using a 
mirror at 45 degrees. There is no increase in the depth of field requirement, since the 
mirror is close to the yam, with the reflected view well within the field depth 
extremes. Chapter 9 suggests further refinements to this procedure for further work 
(see Figure 9.1-1, p. 308). A photo of its implementation within the LYSS is shown 
in Figure D.2-2, page 371. 
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Light source 
=cD 
Field Lens ( 
.------:./ 
I 
Mirror 
Figure B.6-2 - Arrangement for obtaining two orthogonal views of yarn image for 
configurations 1,3 & 4 
B.6.2 Configuration 3. 
Figure B.6-3 shows where the object field is positioned for configuration 3. 
o 
compact core cross section 
o 
0.4 mm 
o 
maximum field depth 
\L-
surface fibres, giving twist angle 
Figure B.6-3 - Field depth for configuration 3. 
350 
Appendix B - Background theory to 3D imaging, and miscellaneous results 
Points to note: 
i) The largest expected yam radius is used (O.3mm), plus 1 extra millimetre for fibres 
which are not part of the core, but lie just off the core surface. 
ii) Since the resolution required for twist determination is very high (see Chapter 8), 
a low F number aperture must be used. Consequently the configuration is highly 
sensitive to misfocus. If two right-angled views were to be used to gain better core 
volume measurement, it would be essential to keep their path lengths the same using 
glass fore-shortening. Such a technique is shown figuratively in Figure 9.1-1, p. 308. 
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methods from Chapter 5. 
C.I Specialised line filtering method developed for the LYSS. 
The following section shows the development of a line filtering method which uses 
run-length encoded data from the differentiated line profile. It is included in this 
appendix rather than the main text, because the signal to noise ratios on the L YSS are 
too low for it to work properly. Furthermore, line filtering has been replaced by small 
kernel two dimensional filtering. However, the technique is fast, effective m 
conditions of high signal to noise ratio, and involved much development work. 
C.1.1 Differentiating the light intensity profile. 
The following method is not used by itself in the L YSS to filter the yarn image. 
Rather, it is included only in the run-length encoded differential algorithm explained 
in Section C.l.2. The principles and advantages of its use are explained in this 
section. 
When using a straightforward thresholding method to binarise a yarn grey level 
image, there is a significant problem whereby hairs near the core tend to be 
undetected by the threshold, and end up widening the core diameter (see left hand 
side of Figure C.l- I). It is obvious however that the hairs near the core have the 
same features as hairs away from the core in terms of differentiation. 
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Light intensity I" differential 
hair I hair 2 
distance along scan 
distance along scan 
Figure C.l-l -Illustration showing the similarity oJ diffused hairs near the core and 
other hairs on a differential graph. 
The above figure explains how hairs near the core have the same position on the 1 SI 
differential graph as hairs away from the core. This is convenient, since a single 
threshold would detect both (or at least one ofthe two hair edges for each hair.) 
The requirements of the imaging system mean that as little signal processing as 
possible is desirable to improve yarn test speed. Before binarising with a threshold, 
the CCD signal is a video waveform which corresponds to the light intensity profile 
across an image line. This signal can be differentiated in two ways - digitally or 
electronically. If it were to be differentiated digitally, the grey level data would have 
to first be put into the computer system. The better solution is to differentiate 
electronically in hardware. However, the problem remains as to how to obtain the 
required information from the differentiated signal without having to read its grey 
level data. The solution is to use the same binarising technique, this time using two 
thresholds, one for the positive gradient and one for the negative gradient edges. 
It would be advantageous, if it were possible, to use just a single threshold to re-
constitute the yarn image from the differential data. There would be no need to have 
two binarising circuits, one for each threshold. However, the 1 SI differential graph 
has information regarding the hairs in two levels, one above and one below the zero 
axis. The one below defines the start of the hairs I core (going from left to right in 
Figure C.l-l) and the one above defines the end. 
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One solution to this is to differentiate again. 
nonnal I st differential 2nd differential 
Figure C.1-2 - Form of fibre light profiles after successive differentiation. 
Thus each hair has two peaks on the same threshold level on the 2nd differential 
profile. 
Figure C.I-3 is a screen output from the L YSS. It shows (from left to right) the 
conventional yarn image, the image using just one threshold on the I st differential 
graph (the threshold above the zero axis), and the image from the 2nd differential 
graph (also using the threshold above the zero axis). It can be seen that the 2nd 
differential graph looks similar to the dark-field images shown in 5.5.3, page 151. 
This is reasonable since they both act as high pass filters, with steep cut off points at 
low frequency. It can also be seen that the core is fairly well defined in the 2nd 
differential graph. The hairs however appear quite fragmented. A major 
disadvantage of 2nd differential filtering is that there is very high amplification of 
higher frequencies, including noise. 
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Figure C.J-3 - Screen output showing the orders of differentiation and using a single 
threshold. 
Although edges of hairs (or the core) can be detected by the 2nd differential graph, 
the actual body of the hairs or core cannot be detected directly. This is because it is 
impossible when using a single threshold to determine which peaks correspond to 
left edges and which correspond to right edges. The I SI differential graph, however, 
has this left and right information, on two sides of the zero axis. Therefore, if two 
thresholds were used, one below and one above the axis, it would be possible to 
determine botb left and right edges and fill in tbe area in between. The filling of the 
area is important for the hairiness index definitions described in Chapter 7. It is also 
useful in determining the boundary between the core and hairs, as will be explained 
in tbe next section. 
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C.1.2 Software algorithm using run-length encoded data from the 1st 
differential line data. 
From the above discussion, it was shown that differentiating the grey level data 
across one scan line in the yam image, and thresholding at two levels, would enable 
the edges of the core and hairs to be properly located. The left and right edges would 
also be distinguished from each other. 
After studying the grey level line profiles using the L YSS image processing software 
module, it was evident that the 1 st differential of the profile could be thresholded at 
the two levels (positive and negative), with the results run-length encoded. Six 
classifications of differentiated light intensity profile were isolated for a software 
algorithm to interpret correctly. Each had a different order of edges when the double 
thresho Id technique was used. 
The order in which the edges appear in these encoded streams occur in certain 
permutations. These are caused by fibres isolated on their own (case 1 - see Figure 
C.I-4), fibres in proximity to the left of the core (cases 2 and 3), fibres in proximity 
to the right of the core (cases 4 and 5), the core on its own (also case 1), or small 
opened areas in loosely packed cores (case 6). Also, more subtle orders of edges 
occur when the gap between fibres and core is too small to allow a gradient reversal, 
but enough to reduce the gradient of the current profile position (cases 2 and 4). 
Cases 3 and 5 show where there is a gradient reversal due to light penetrating 
between the fibre and the core. 
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These are: 
case 1 
upper threshold case 2 
lower threshold 
differentiated profile 
core (or hair) profile 
case 3 case 4 
case 5 
case 6 
Figure C.J-4 - The six cases used in the grey level differentiation algorithm. 
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Cases 2 and 4 are mirror images, as are 3 and 5. They require different classes 
because the software works by analysing the scan from one side to the other (left to 
right). 
Cases 2 and 4 are common for hairs near the core. They are caused at either the 
intersection of a hair to the yarn core or a loose surfuce hair, where little light is 
passing between. In conventional images, this causes the core to widen, but not here 
as the hairs can be distinguished from the core. When the software identifies these 
classes, it inserts a small gap of 1 pixel between the hair and the core in the image. 
This enables the core detection routine to tell where the core ends and the hair 
begins. 
Case 6 occurs sometimes in loose core structures, where light penetrates through the 
core. This results in the core being split in two in the image. At present the software 
does not alter this effect. 
The implementation of such an algorithm was quite complex, and took much 
development. 
An important point to be made is that the position of the core is registered at 
approximately the maximum (left hand edge) and minimum (right hand edge) points 
on the differential line profile. This is achieved by taking the centre of the 
intersections across a peak or trough as the position of the maximum or minimum 
(see Figure C.I-5). 
core (or hair) profile differential profile 
Figure C.J-5 - Positions of the maximum or minimum determined from the centre of 
the line intersections. 
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In previous research on yarn image processing, the points of inflection on the yarn 
core were taken as the edge [Vas et al., 1994]. These correspond, of course, to the 
maximums and minimums of the 1 si differential profile. The use of a threshold at 
50% of the core depression to obtain boundaries, and the exercise of finding the 
points of inflection in the core profile, were found to produce consistently similar 
results. In their work, however, the inflection points were found after being applied 
to an averaged line profile (similar to reduced length-wise resolution). The number 
of scans over which the averaging took place is not specified. 
A similar argument applies to obtaining the correct width for yarn profiles. One 
problem with thresholding is that misfocussed fibres may appear much thicker than 
is really the case, if the threshold is applied at the top of the hair shadow profile. 
This is often seen in thresholded images, since the threshold is placed as near to the 
noise 'floor' as possible. With the run-length encoded differentiation method, this 
effect is avoided, since the width of the hair from its profile is taken from the points 
of inflection. It is important to mention, however, that this correction of the width 
profile works only in the transverse axis, not the length-wise axis. Furthermore, the 
planned use of the yarn guide plates for yarn scanning will remove fibre misfocus, 
except at high magnifications used for twist detection where fibres at the plate 
boundaries have some misfocus (see Chapter 4). 
In order to differentiate the profile within the image processing module of the L YSS, 
a simple [-I 1] convolution filter was initially used. However, the signal to noise 
ratios were too small for it to be used in either the area scan samples captured for this 
chapter or the L YSS line-scan system, since this type of filter amplifies high-
frequency noise dramatically. Therefore a low-pass differentiation convolution filter 
was implemented: 
[-1 1] convolved with [1 1] gives [-1 0 1]. 
After modelling simulated and actual fibre profiles in Matlab, it was seen that the 
low pass top hat filter does not have any effect on the calculated edge positions in the 
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yarn image, provided that its width is not greater than a certain limit. This limit is 
dependent on the object in question, and is the separation (in pixels) of the points of 
inflection of the object profile when using the [-I 1] filter. For cotton fibre hairs 
under an imaging magnification of I to I, this width is around two pixels. Being 
much smaller, the filter does not affect the core width. If a higher magnification was 
used, then the filter width could be increased proportionately. 
The technique is a combination of linear and non-linear filtering processes. In this 
way, it combines the high pass filtering needed to isolate the hairs from the core with 
a form of non-linear thresholding needed to detect fibres not having high frequency 
definition (such as those lying along the scan-line). 
Analysis of the use of this technique_ 
Figure C.J-6 - First differentiation run-length encoding method applied to yarn3 
Figure C.l-6 shows the algorithm applied to the sample 3, where the yarn is back-lit 
using incoherent field lens assisted illumination, with flat field correction. 
The signal to noise ratio for yarn images has to be very high for this technique to be 
useful. Unfortunately, the L YSS does not provide this ratio, even after flat-field 
correction. 
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During tests, the technique was found to be fast, but was very sensitive to high 
frequency random noise in the background image. This is due to the use of 
differentiation, notorious for noise amplification, and the limitations on low pass 
filtering discussed above. The form of software differentiation used for the scan 
sample shown in Figure C.1-6 included a top hat low pass convolution filter of two 
pixels (20 J..lm on the object). However, this was insufficient to prevent noise 
problems which are clearly seen in the image. 
The practical dynamic range of the L YSS due to analogue noise is 5 bits, but the 
non-linear phase filtering from the camera output causes raised grey levels on the 
right hand side of steep edges (such as the core or in-focus hairs). These are 
misinterpreted by the algorithm due to the confused order of falling and rising 
gradients. 
The presence of noise means that the thresholds are kept further apart, peaks or 
troughs may be missed by the run-length encoding. This effect is more pronounced 
when one or the other (peak or trough) from a hair profile is detected, but not both. 
The effect of this is to cause horizontal stripes in the image. 
Provided that the two thresholds can be set close to the zero axis of the 
differentiation profile, the algorithm would work. A technique applied earlier in the 
research using the OVBlO (see appendix D) to obtain grey level data, produced 
images with lower noise. One such image is shown below in Figure C.l-7, along 
with the image output from the algorithm. 
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Figure C.1- 7 - 1st differential algorithm applied successfully to air jet textured yarn. 
The main advantage of this technique is that its processing overhead is independent 
of the number of pixels in the scan line. Apart from the differentiation filter, the 
processing requirement is dependent upon the number of hairs in the image. By 
using run-length encoded data, there is no need for further neighbourhood operations. 
Since the algorithm works on a line-by-line basis, it is possible to digitally 
differentiate signal, threshold and binarise in peripheral hardware, and process only 
two streams of run-length encoded data in the main processing unit. The OVB 1 0 
device used in the L YSS is one such device for applying a threshold to analogue 
data, and outputting a run-length encoded stream. 
Practically, the technique would be most useful for larger pixel lines such as 4096 
pixel line-scan applications, due to the fact that it does not need to process each pixel 
(unlike long convolution kernels) . A small simple convolution kernel is used at 
present in the L YSS to do the di1ferentiation. 
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D.l The software system 
D.1.1 Overview 
The L YSS software was written mainly over a four year period, and consists of five 
separate programs dedicated to specific tasks, and central control software which 
integrates and automates functions between them 
The five functions are: 
1. Yam image processing 
2. Yam image capture 
3. Yam evenness inspection and analysis 
4. Yam hairiness inspection and analysis 
5. Intermingled yam inspection and analysis 
D.1.2 The requirement for the L YSS software. 
The system was developed due to the considerable amounts of data involved in yam 
image analysis. Dedicated numerical processing software such as Matlab are not as 
efficient and fast as dedicated C code, and analysis such as variance length takes 
considerably different amounts of time to process between the two. The 
transformation of the raw yam image data into useable numerical data is the most 
process consuming task, for which the L YSS is particularly suited. 
Nevertheless, for the development of complex algorithmic methods, an interpreted 
environment such as Matlab is ideal, and was used heavily for this purpose in this 
work. The L YSS software was also written to be able to process the yam image into 
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more concise data and export the data into a form easy to process by pre-written 
applications such as Matlab or Microsoft Excel. 
0.1.3 Automatic batch testing. 
In this research, testing was often carried out on batches of yarn data. An example of 
this is the yarn evenness tests from Chapter 8. This is also typical of testing 
presented in the literature, where a particular analysis method is applied to a variety 
of different yarns. [see Some forms of yarn image processing and analysis can take 
several hours for a high resolution yarn image over 20 metres, and it is desirable for a 
user to be able to set up the process and leave it running, without having to come 
back and intervene to start the program on another yarn sample. An example of this 
is overnight processing. The importance of this facility needs to be stressed for yarn 
image research, where large volumes of data are concerned, and many processing 
methods and permutations need to be analysed. 
In order to achieve this facility, a form of interpreted script language was developed 
for the L YSS. The way this feature is used, is that the user requests the program to 
record all key presses, entered filenames, and mouse events, into a script file when 
capturing or analysing one yarn sample. This script file can then be re-run by the 
software without the user having to press anything, and the same process will be 
performed. However, the user is able to edit the script file, and insert loop structures, 
such that the same operation can be carried out automatically many times over, with 
small changes between each to distinguish tests. An example of this is the 
incrementation of filenames during the processing of a list of yarn files, or the 
incrementation of a threshold which is used in determining the yarn core width on 
the same yarn sample. There can be up to two nested loop structures (three in certain 
situations), which can control characters (for filenames usually), floating point and 
integer settings, even the number of cursor presses when moving a graphical 
threshold. 
It is important for this scripting method to be able to move between the five 
programs, such that a process which uses more than one program can be properly 
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recorded, modified and replicated. The most common interaction of this kind from 
the tests in the thesis was between the yam image processing software, and the 
hairiness and evenness/twist chapters. 
There are several methods for automatically recording the results from the tests. The 
first is where commands can be inserted into the script file, which cause the screen to 
be printed on hardcopy. The second, used when further processing is required on the 
output data, is where the processed output data files from the software can be 
renamed appropriately and stored. The third, and most flexible, is used when the 
L YSS produces a displayed number such as a CV% from a lengthy process that does 
not require further processing. A screen dump command is given in the script. Once 
the batch process is finished, there exists a facility which can extract a number from 
a specified position on a series of screen dumps, and store it in a file, which can be 
read by other applications software such as a spreadsheet. 
The scripting facility was used heavily during this research and is considered a 
valuable tool in processing large volumes of yam data, especially when done in 
batches. 
An example of a script which processes one yam sample is shown below. 
#Yarnscan script file yhfil4.txt 
#Starting menu.exe 
5 
#Exiting menu.exe 
#Starting scope.exe 
1 
c:\yarnscan\ylevenn2.nmd 
#Exiting yarn file 
#Starting new yarn file 
o 
5 
c:\yarnscan\ylefil4.nmd 
escape 
escape 
q 
#Exiting scope.exe 
#Starting menu.exe 
end; 
8 
#Exiting menu.exe 
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Below is shown the same script modified to batch process nine yarn samples. 
~Yarnscan script file yhfi14.txt 
~Starting menu.exe 
for %1=1:1:9 
5 
~Exiting menu.exe 
#Starting scope.exe 
1 
c:\yarnscan\y%aevenn2.nmd 
~Exiting yarn file 
~Starting new yarn file 
o 
5 
c:\yarnscan\y%aefi14.nmd 
escape 
escape 
q 
~Exiting scope.exe 
~Starting menu.exe 
end; 
8 
#Exiting menu.exe 
D.1.4 Yarn image capture 
This software is perhaps the backbone of the system, since it is responsible for 
driving the hardware, as well as enabling the user to set up and configure the 
hardware, capturing the data, and adjusting fundamental image parameters. 
The image capturing is achieved in fundamentally two ways. The first is where the 
yarn image is directly binarised and run-length encoded, via a dedicated processing 
board (Optimum Vision OVBIO), and stored in this form on the computer. This is 
used when grey level processing is not required, such as when inspecting nips in 
intermingled yarns. It can be achieved for high yarn speeds (yam length-wise 
resolution of 0.5mm per line at 10 mls yarn speed), and does not require vast 
amounts of data storage space. The data capturing routines from the OVB I 0 within 
the L YSS are optirnised in lntel assembler, to provide as fast acquisition as possible. 
For run-length encoded data, the data rate is not fixed, but depends on the detail in 
the image. 
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The second mode is used when grey level image processing is required. At present, 
the software is written to match the requirements of the grey level frame grabber 
used in this system (Imaging Technology VS-lOO). The fundamental restriction is 
that the image cannot be saved to disk or memory whilst it is being captured. Hence 
for 100% inspection of the yarn, the yam needs to be halted whilst the image is being 
saved. This start-stop procedure was achieved using the stepper motor transport 
system described later in this appendix. At the boundaries, care was taken to 
minimise the discontinuities caused by the starting and stopping effect, using various 
techniques such as over-running one of the motors for a short period. The area of 
confusion at these boundaries for a yam travelling at 7 cm/s would be typically < I 
% ofthe yam sample. 
Although expensive, other hardware exists which does not have this restriction, and 
can save the image data directly to the hard disk or computer memory through the 
PCI bus at the same time as image capture. For a more precise measure of the yam 
profile, such a system would be needed in the future. 
The image capturing software developed for the L YSS allows the setting of yam 
boundaries, grey level thresholds and inspection of the yam image in graphical 
forms. Below is a screen output for the setting up procedure. 
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Figure D.l-1 - Screen output showing the line profile, the threshold/or the OVB10, 
and resulting image. Each parameter can be changed. 
, 
I 
Figure D. 1 -2 - LYSS flat field corrected image 0/ a rotor spun yarn - 26 mm sample 
length (aspect ratio 1:4) 
0.1.5 Analysis modules 
The three analysis modules are for hairiness, evenness and rnp inspection. For 
hairiness and evenness, both programs share a common library of statistical 
functions. These are commonly used functions in textile theory such as variance 
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length analysis, auto-correlation and spectral analysis. The programs can also output 
binary data files, readable by a set of Matlab programs, for trying out certain 
concepts without the need for involved software coding. 
Figure D.1-3 - Screen output from hairiness analysis module. 
0 .1.6 Image processing module 
In the latter part of the work, this module became the work horse. Once the grey 
level images have been captured from the image capturing module, the data is then 
processed according to a number of processing algorithms (shown in chapter 5). For 
long lengths of yam, at non - low resolution, tbis can be a time consuming process, 
with a 20 metre yam sample at an aspect ratio of 5, taking typically 15 minutes to 
process on a 600 MHz Pentium. It would be worth upgrading these routines to 
optimised assembler in future work, or to utilise MM)( 64 bit instructions. 
The module provides flat-field correction, enables filter development through 
viewing effects on the line profile, and enables simulation of low length-wise 
resolution through average of successive scans. 
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D.2 The LYSS system hardware description. 
D.2.1 The optical configuration 
Fairchild CAM1350 line-can camera. 
Cosina Macro MF 100mm 
CCD : 1024 x I pixels, 13 um pitch - total length - 13.1 mm 
Optimum vision line-scan run-length encoding control board. OVBIO 
Max. data rate = 15 MHz. 
Max. scan rate = 15 KHz. 
Line determined exposure. 
parallel 16 bit data transfer to PC via a FIFO queue system. 
Software controllable threshold, scan rate, and data rate. 
lmaging Technology VS-lOO 768/2 frame grabber. 
Max data rate = 12 MHz. 
Single frame buffering for line-scan (i.e. cannot transfer data to PC memory 
and capture at the same time) 
Resolution = 8 bit. 
Lighting - 50 W 12 V tungsten halogen bulb 
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Figure D.2-J - View of the optical arrangement and yarn transport. 
Figure D.2-2 - The mirror andfield lens arrangement. 
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D.2.2 Constant tension yarn transport 
f=:'-''"~ 
.... :-~, ,- --~ 
motor 2 
PID tension 
control to motor 
speed 
Control signals and tension data 
Analogue tension 
meter 
constant speed 
mOlor dri ver 
"'" control signaJs 
stepper motor I 
Figure D.2-3 - Block diagram of the constant tension control system for the LYSS. 
An off-line computer controlled yam transport has been developed which can 
transport the yarn at slow speeds (7 cm/s), but with highly responsive start / stop 
properties using stepper motors. The tension of intermingled yams affects the nip 
dimensions as the yarns stretch. Therefore a closed loop PID tension control was 
built, such that the tension remained constant, and could be held steady at low 
tensions (- Sg). The tension data is also monitored, and sent to the imaging PC at the 
end of a run to check there were are no glitches in the yam transport. 
The yam is engaged to the stepper motors by means of solenoid actuated capstan 
rollers, which pinch the yam against the motor shaft. The two motors are at either 
end of the imaging area. The motor situated after the imaging area is run at constant 
speed, whereas the motor before the area is controlled by the tension controller 
software. 
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The transport system is often used without the tension control, but with a fixed 
slippage ratio between the two stepper motors. The transport control PC receive 
instruction to do this along with the control signals from the imaging Pc. 
D.2.3 High speed yarn transport 
A high speed yarn transport (up to 10 m/s) was made such that yarns could be tested 
at high production speeds. The results could be compared to those at lower speeds to 
show the effect of reducing the scan to scan resolution. 
Two printed circuit DC servo motors were used in the same fashion as the stepper 
motors above i.e. with one after and one before the imaging area. The motor shafts 
have 50 mm diameter rollers fixed, and the yarn is wound several times using special 
guides onto these rollers. To enable a positive feed, each motor roller has a rubber 
roller pressed against it to hold the yarn. The motors have encoder wheels attached, 
signals from which are fed into a dual channel pulse counter. This enables the speed 
of the motor speeds to be monitored, as well as their ratio (percentage extension of 
the yarn). 
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and information for Chapter 7. 
As hairiness became recognised as a feature to be reckoned with, commercial 
instruments for hairiness measurement were introduced. The instruments vary 
greatly, both in complexity and in the amount of data they produce. Not all can be 
described here, but only the more well-known commercial instruments. Also 
included are those instruments which appear regularly in the literature, which may 
not be commercialised but are nevertheless very interesting. 
Chapter 2 contains descriptions of hairiness monitoring instruments, which use 
transverse scanning. Due to their direct applicability to this thesis, they are reviewed 
in more depth, and are not included in this appendix. 
E.1 Commercial hairiness testing instruments (non line-scan) 
E.1.1 The Shirley Hairiness Meter. 
1 Sf version 1970, 2nd version 1989 
Although very basic in its measurement principle, this became a very popular 
instrument. An early version has been replaced by a newer version, which uses the 
same measuring principle, but has a family of other instruments with it. It was first 
developed by Slack [1970] and works by the photo-electric principle explained 
previously (Chapter 7). The sector of the yarn circumference traversed by the beam 
when the sensor height is 3mm is 70 degrees (Figure E.l-l). This is aided by the 
yarn guide, which due to its geometry only allows hairs on the top sector of the yarn 
to project upwards. This sector was stated by Slack to be representative of the whole 
circumference provided there was no preferred orientation of the yarn in its guides. 
Unfortunately he does not give evidence to qualifY this important statement. 
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photocell 3mm 
light source 
Figure £.1-1 - The Shirley device operating principle 
The sensor height can range from between 0 mm to 10 mm. The maximum speed of 
the yarn is 100 mlmin. However, it was found by Slack that the number of hairs 
counted was inversely proportional to the yarn test speed. Also, the minimum hair-
to-hair resolution is 0.5 mm. For a sensor height of 3mm, hairs will mostly be 
spaced apart by more than this, but not for heights closer to the core. 
The long, narrow aperture gives the feature that the depth of field of the light beam 
will be large, so that hairs near the light and away from the sensor will be in focus, as 
will the hairs near the sensor. This is not achievable with the CCD set up, as there 
are 1024 sensors 13 ~m apart! 
The new Shirley device has a portable hairiness monitoring unit which can be taken 
around the mill to measure hairiness at the various processes. This can be connected 
to a 'Compulog' unit, which allows the test position in the mill to be identified, and 
enables automatic logging of the hairiness values, which can be later transferred to a 
microcomputer for statistical analysis. 
The Shirley instruments give an index H, defined as the number of hairs per metre. 
This is simply the count of the hairs crossing the light beam. With a single sensor 
height setting, this value on its own is a fairly insubstantial way to describe total 
hairiness. However, with manual adjustment of the sensor height to other settings 
375 
Appendix E - Supplementary theory and infonnation for Chapter 7 
more information on hair length can be obtained. This is more time-consuming, 
however. 
It was desirable to enable the software of the yarnscan CCD system to simulate this 
index, since many authors had investigated its correlation with hairiness indices from 
other instruments, and its relation to yarn process parameters and production. This 
has been implemented. 
E.1.2 The Zweigle G565 Hairiness meter. 
1 sf version 1985 
This device is much more complicated than the Shirley meter and has become very 
popular. It also progressed from an older version to a more sophisticated newer one. 
The Zweigle measures hairs in the same way as the Shirley meter, but uses more than 
one sensor. With the old version there were 4 sensors, and the new version has 12 
sensors. These are set at I, 2, 3, 4, 6, 8, 10, 12, 15, 18,21, and 25mm from the core. 
The advantage of using more than one sensor is that a more complete picture of the 
hair length distribution can be obtained, without having to continually adjust the 
sensor heights. This can also lead to derivation of other hairiness measurements, 
such as cumulative hair length per cm. 
The maximum speed of yarn travel is 50 mlmin and the yarn test length can range 
from 10m to 99999m of yarn. The system has no way of analysing periodic 
variations in hairiness along the yarn length on its own, but can be connected to a 
PCIOO computer for this purpose. 
The instrument calculates its own hairiness parameter H from a specially developed 
formula involving the number of hairs at the different heights [Mango Id, 1989]. The 
index is designed to be suitable for all sorts of different yarns, but is actually difficult 
to use. In practice it does not give a measure of total hairiness, which includes hairs 
near the core «Imm) but is more dependent on the longer length of hairs. 
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It was again decided that the yarnscan CCD system would need to be capable of 
simulating the Zweigle parameters, and this has also been implemented. 
Figure E.1-2 - The Zweigle simulation in the CCD system. 
E.1.3 The Uster Tester 3 hairiness attachment. 
Commercialised instrument 1987. 
The Centre de Recherches Textiles de Mulhouse (CRTM) conducted a series of 
experiments using collimated laser light to illuminate a yam [sited in Barella 1993, 
p.5]. They found that the yam can be modelled in terms of a dense core which 
absorbs the laser light, and a superficial surface structure of hairs which diffract, 
reflect and refract the light. This superficial hair structure, known as the perturbation 
function, are those hairs which lie loosely along the yam as well as the hairs which 
actually protrude from the yam core. By performing optical spatial filtering in the 
Fourier plane (placing a very small stop at the centre of the Fourier plane, at the focal 
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length from the lens), the dc component of the light - mostly the core - is blocked, 
while the higher spatial frequencies of the hairs form an image in the image plane. 
Therefore the yarn now has a black core, surrounded by illuminated hairs, and this is 
known as the dark-field image (see page 151 for an example). 
This principle is utilised in the Uster Tester 3, in that the total amount of light in the 
dark-field image is taken as the total hairiness. This is achieved by using a single 
photo-sensor. 
Originally, the prototype had sensors at various positions in the image plane, to give 
hair length functions similar to the Zweigle. This apparently useful adaptation was 
for some reason not implemented in the U ster Tester 3. 
The image plane encompasses 1 cm of yarn, and hairiness readings are taken of every 
adjacent cm. The actual index H given by the instrument is defined as the 
cumulative hair length in one cm. If one assumes that all the fibres have the same 
diameter, then the photo-sensor output would be proportional to it, since the fibres 
increase the amount of light on the sensor according to their area and hence length. 
The Uster Tester 3 is in fact an evenness monitoring device using the capacitive 
principle. The hairiness meter is an attachment. There are sophisticated hairiness 
analysis facilities, including a spectral analysis of hairiness variation along the yarn, 
the variance length function of hairiness, and histograms of hairiness values. 
The Uster Tester 3 has been very useful for analysing the surface structure of yarn, 
and has led to a better understanding of the influence of yarn processing on surface 
structure. It has the drawback that it does not give hair length distribution and long 
hair hairiness information. 
The Uster index H is similar to the V index, in that they both use the integrated effect 
ofthe fibre area on the projected image. 
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E.1.4 Other commercial instruments. 
The aforementioned instruments are of course only a representative sample of the 
range of instruments commercialised. A couple are worth mentioning, as they 
possess other important qualities. 
The Toray hairiness counters are two devices, one which can be used for 
continuous filament yarns and the other for spun yarns. The detecting parts which 
operate on the same principle as the Shirley meter are separate from the body, and 
can be attached directly to the spinning frame while the yarn is running. 
The Meiners Del yarn hairiness meter has a portable unit which, like the new 
Shirley device, can be used around the mill. The yarn through speed is 90-300 
mlmin, which is quite fast. The measuring principle is a single light beam, similar to 
the Shirley device, ranging from 0.05 to 9.00 mm in 0.05 mm steps. 
The T.R.I Yarn Cross Sectional Areas Monitor is very interesting in that it uses a 
completely different measuring principle for yarn evenness, and to some degree yarn 
hairiness. The yarn is placed in a pressurised sealed container and taken out through 
an orifice. The pressure across the orifice depends on the amount of yarn which is 
passing through, and by monitoring it, a detailed picture of yarn cross-section is 
obtained. Hair protrusions are also registered. The device is resolute to lOO Ilm 
although this seems quite poor considering fibre diameters are often < 10 Ilm. 
However, for off-line yarn cross-sectional analysis, it is very novel, and also 
produces a record of the abnormal protrusions from the yarn core. 
379 
References 
I. Alagha, M. J., Oxenham, W., & Iype, C. (1994). The use of an image analysis 
technique for structural parameters of friction spun yarns. J. Text. Inst., 85 (3), 
383-388. 
2. Acar, M. (1984). An analysis of the air-jet yam texturing process and the 
development of improved nozzles. Unpublished doctoral dissertation, 
Loughborough University, Loughborough. 
3. Acar, M. (Ed.) (1995). Mecbatronic design in textile engineering. London: 
Kluwer Academic Publishers. 
4. Ash, E. (Ed.) (1980). Scanned image microscopy. London: Academic Press. 
5. Barella, A. (1956). New concepts of yarn hairiness. J. Text. Inst.. 47 (2), 
PI20-127. 
6. Barella, A. (1957). Yarn hairiness: the influence of twist. J. Text. Inst., 48 (4), 
P268-280. 
7. Barella, A. (1966). The bairiness of yarns: a review of the literature and a 
survey ofthe present position. J. Text. Inst., 57 (10)' T461-489. 
8. Barella, A. (1971). The nature of the hairiness of open-end spun yams. J. Text. 
Inst. 62 (12), 702-706. 
9. Barella, A. (1983). Yarn Hairiness. Textile Progress 13 (I). Manchester: The 
Textile Institute. 
380 
References 
10. Barella, A. (1985). Progress in yarn-hairiness studies. J. Text. Inst., 76 (2), 
127-132. 
11. Barella, A. (1993). The hairiness of yarns. Textile Progress, 24 (3). 
Manchester: The Textile Institute. 
12. Barella, A., Bardi, X., & Castro, L. (1991). A note on the parameters measured 
by means of the Zweigle staiftester and hairiness meter. J. Text. Inst .. 82 (3), 
409-413. 
13. Barella, A., CoU-Totosa, L., EspieU, O. S., & Bardi, X. (1992). Neue 
Oesichtspunkte bei der Messung und Bewertung der Haarigkeit [New criteria for 
the measurement and evaluation of hairiness]. Textil Praxis, 47 (]2), 1116-1125. 
14. Barella, A., & Manich, A. M. (1982). Yarn hairiness measurements, present 
and future. 27th Hungarian Textile Conference (pp. [1-28]). Budapest: 
Hungarian Society of Textile Technology and Science. 
15. Barella, A., & Manich, A. M. (1985). The application of the Digital ITQT to 
the measurement of the irregularity of the hairiness of fibres. Invest. Inform. 
Text. Tens .. 28, 189-197. 
16. BareUa, A., & Manich, A. M. (1993). The hair length distribution of yarns, 
measured by means ofthe Zweigle 0565 hairiness meter. 1. Text. Inst .. 84 (3), 
326-335. 
17. Barella, A., Martin, V., Vigo, J. P., & Manich, A. M. (1980). A new hairiness 
meter for yarns. J. Text. Inst.. 71 (6), 277-283. 
18. Barella, A., & Viaplana, A. (1970a). Principles of a new procedure for 
measuring yarn hairiness. Application to the study of the hairiness of open-end 
yarns. Text. Res. 1., 40 (3), 267-272. 
381 
References 
19. BareIla, A., & Viap1ana, A. (1970b). Yarn hairiness: A survey of recent 
literature and a description of a new instrument for measuring yarn hairiness. J. 
Text. Inst.. 61 (9),438-447. 
20. Bare11a, A., & Viaplana, A. (1973). Recent developments inyarnbairiness 
studies. 1. Text. Inst.. 64 (l0)' 558-564. 
21. Barella, A., & Vigo, 1. P. (1973a). Nature of measurement in the Barella-
Viaplana hairiness meter. Text. Res. 1., 43 (8), 493-4. 
22. BareIla, A., & Vigo, 1. P. (1973b). The variability of hairiness in conventional 
and open-end-spun yarns. J. Text. Inst .. 64 (7), 440-441. 
23. Bare1la, A., & Vigo, 1. P. (1974). The efficiency of the B-V electronic hairiness 
meter for cotton yarns. Text. Res. 1., 44 (10), 824-25. 
24. Bartelt, H., Ojeda-Castaneda, J., & Sicre, E. E. (1984). Misfocus tolerance seen 
by simple inspection of the ambiguity function. Applied Optics, 23 (l6)' 2693-
2696. 
25. Bilgin, S. (1994). Texturing and Intermingling processes by using air-jets. 
Unpublished doctoral dissertation, Loughborough University, Loughborough. 
26. Boguslavskii, L. A. (1971). Air operated sensor for measuring yam irregularity. 
Tech. of Textile Industry U.S.S.R .. 3, 125-129. 
27. Bonigk (1992). US patent 5140852. 
28. Boswell, H. R., & Townend, P. P. (1957). Some factors affecting the hairiness 
of worsted yarns. 1. Text. Inst .. 48 (5), T135-142. 
382 
References 
29. Bradburn, S., Cathey, W. T., & Dowski, E. R. (\997). Realizations offocus 
invariance in optical-digital systems with wavefront coding. Applied Optics. 36 
Q1).,9157-66. 
30. Brenner, K. H., Lohmann, A. W., & Ojeda-Castafteda, J. (\983). The 
ambiguity function as a polar display of the OTF. Optics Communications. 44. 
ill, 323-327. 
31. Biinau, R. von, Owen, G., & Pease, R. F. W. (\992). Depth of focus 
enhancement in optical lithography. J. Vac. Sci. Technol. B 10 (6),3047-54. 
32. Biinau, R. von, Owen, G., & Pease, R. F. (\ 993). Optimization of Pupil Filters 
for increased depth of focus. Jpn. 1. Appl. Phys., 32, 5850-5855. 
33. C. R. I. T. E. R. (\961). Contribution to the study of hairiness: Part n. Bull. 
Inst. Text. France. (94), 23. 
34. Castellini, C., Francini, F., Longobardi, G., & Tiribilli, B. (1996). On-line 
textile quality control using optical Fourier transforms. Optics and Lasers in 
Engineering 24 (I), 19-26. 
35. Chu, W. C., & Tsai, I. (1 996a). A new photoelectric device for the 
measurement of yarn diameter and yarn evenness. Part I: Improvement of the 
variance of radiant intensity using the area compensation method. 1. Text. Inst., 
87. Part 1: Fibre Science and Textile Technology (3), 484-495. 
36. Chu, W. C., & Tsai, I. (\ 996b). A new photoelectric device for the 
measurement of yarn diameter and yarn evenness. Part 11: The measurement of 
yarn diameter and the effect of shape-error factor (SEF) on the measurement of 
yarn evenness. J. Text. Inst., 87. Part I: Fibre Science and Textile Technology 
ill, 496-508. 
383 
References 
37. Cox, D. R., & Townsend, M. W. (1951). The use ofcorrelograms for 
measuring yarn irregularity. J Text. Inst., 42 (4), P145-51. 
38. Curry, D. (l991). Measuring air textured yarns for random defects. Pawtucket, 
RI: Lawson-Hemphill, Inc .. 
39. Dowski, E. R., & Cathey, W. T. (1995). Extended depth of field through 
wavefront coding. Applied Optics. 34 (11 ), 1859-1866. 
40. Erhardt, A., Zinser, G., Komitowski, D., & Bille, J. (1985). Re-constructing 3-D 
light-microscope images by digital image processing. Applied Optics 24 (2), 
194-200. 
41. FitzGerrell, A. R., Dowski, E. R., & Cathey, W. T. (I 997}. Defocus transfer 
function for circularly symmetric pupils. Applied Optics 36 (23), 5796-5804. 
42. Ford, J. E. (1958). Segregation of component fibres in blended yarns: J. Text. 
Inst. 49 (11), T608-620. 
43. Foster, R. (I 952}. Weaving investigations - periodic patterning in fabrics. J. 
Text. Inst. 43 (9), P742-754. 
44. Foster, G. A. R. (I 957}. The effect of moisture upon the accuracy of capacity-
type regularity testers. J. Text. Inst., 48 (4), Tl09-127. 
45. Francini, F., & Longobardi, G. (1989). Quality control of textile yarn by optical 
filtering technique. Optics & Lasers in Engineering. 10 (2), 119-126. 
46. Frey M., & Furter, R. (1990). Analysis of the spinning process by counting and 
sizing neps. Zellweger Uster, 8th Institut filr Textil- und Verfahrenstechnik 
Conf. on New Spinning systems, November 5-6, Eningen lReutlingen Germany. 
384 
References 
47. Fukuda, H. (1991). Axial image superposing (Super-FLEX) effect using the 
mask modulation method for optical lithography. Jpn. J. ADPI. Phys. 30 (llB), 
3037-3042. 
48. Fukuda, H., Terasawa, T., & Okazaki, S. (1991). Spatial filtering for depth of 
focus and resolution enhancement in optical lithography. J. Vac. Sci. Technol. 
B 9 (6), 3113-6. 
49. Ghosh, S. N., Das, D. K., Bhattacharya, G. K., Jain, A. K., Sil, N. K., & 
Mukhopadhyay, B. N. (1988). An electronic instrument for measuring the 
hairiness of jute yarn. J. Text. Inst., 79( 4), 634-640. 
50. Glasbey, C. A., Hitchcock, D., Russel A. J. F., & Redden, H. (1994). Towards 
the automatic measurement of cashmere-fibre diameter by image analysis. ,l 
Text. Inst., 85 (3), 301-307. 
51. Goldfurb (1974). US patent 3793883. 
52. Goodman, J. W. (1968). Introduction to Fourier optics. New York: McGraw-
Hill. 
53. Goodman, 1. W. (1996). Introduction to Fourier optics (2nd ed.). New York: 
McGraw-Hill. 
54. Goswami, B. (1969). The hairiness of cotton yarns, an improvement over the 
existing microscopic technique. Text. Res. 1., 39 (3), 234-242. 
55. Goswami, B. C., Martindale, J. G., & Scardino, F. L. (1977). Textile yarns, 
technology, structure, and applications. New York: John Wiley & Sons. 
56. Gupta, A. A. (1988). Characteristics of imperfections in cotton and blend yarns. 
Indian1. Text. Res., vol. 13 (l2)' 192-197. 
385 
References 
57. Gusev, B. N., & Korobova, V. F. (1987). [Method of measuring fleecy yam] 
Texstil Prom., No.6 (180) 9-13. 
58. Hamilton, J. B. (1959). A direct method for measuring yam diameters and bulk 
densities under conditions of thread flattening. J. Text. Inst., 50 (2), Tl655-
1672. 
59. Hausler, G. (1972). A method to increase the depth offocus by two step image 
processing. Optics Communications, 6 (1), 38-42. 
60. Hearle, J. W. S., El-Behery, H. M. A. E., & Thakur, T. H. (1959). The 
mechanics of twisted yarns: tensile properties of continuous-filament yams. L 
Text. Inst.. 50 (1), T83-111. 
61. Hearle, J. W. S., & Merchant, V. B. (1963). Relations between specific volume, 
count, and twist of spun nylon yarns. Text. Res. J.. 33 (6), 417-424. 
62. Hearle, J. W. S., Grossberg, P., & Backer, S. (1969). The Structural Mechanics 
ofFibers, Yarns and Fabrics. New York: Wiley-Interscience. 
63. Hecht, E. (1974). Optics. Reading, Mass.: Addison-Wesley Publishing 
Company. 
64. Hinze, D., & Viertel, E. (1989). Struktursensoren fUr Fiiden und Fliichengebilde 
- Forderung und Aufgabe einer prozeBorientierten Bildverarbeitung [Structure 
sensors for threads and planar formations - the need for and operation of a 
process-oriented image processing system]. Textiltechnik, 39 (4),176-179. 
65. Holder, D. W., & North, R. 1. (1963). Schlieren Methods. National Physical 
Laboratory, Notes on Applied Science, 31. London: Her Majesty's Stationery 
Office. 
386 
- - -----------
References 
66. Hopkins, H. H. (1955). The frequency response ofa defocused optical system. 
Proc. Roy. Soc. Ser. A, 231, 91-103. 
67. Iemoto, Y., Chono, S., & Mingquao, G. (1993). [On-line evaluation of 
interlaced yarn.] 1. Text. Mach. Soc. of Japan, 46 (5), Tl07-117. 
68. Indebetouw, G, & Bai, H. (1984). Imaging with Fresnel zone pupil masks: 
extended depth of field. Applied Optics, 23 (23),4299-4302. 
69. Iridag, Y., CandaD, C., & Ozipek, B. (1999). Effects offibre parameters on yarn 
hairiness. Textile Month, January 1999, 29-34. 
70. Issum, B. E. van, & Chamberlain, N. H. (1959). The free diameter and 
specific volume of textile yarns. J. Text. Inst., 50 (11), T599-623. 
71. Jain, A, K. (1989). Fundamentals of digital image processing. London: 
Prentice-Hall. 
72. Jeong, S. H. (1994). Monitoring and visualisation of yarn and fabric qualities 
through signal processing. Unpublished doctoral dissertation, North Carolina 
State University, Rayleigh, NC. 
73. Kalyanararnan, A, R. (1992). A process to control hairiness in yam. J. Text. 
Inst., 83 (3), 407-413. 
74. Kirn, J., Sub, M. W., Jasper, W. J., & Woo, J. L. (n. d). Effect of 
measurement principle and measuring field on uniformity measures of spun 
yarns. Unpublished manuscript, North Carolina State University, Rayleigh, NC. 
387 
References 
75. King, T., & Allen, K. (n. d.). High speed photography using copper vapour 
laser illumination for yarn processing investigations. Unpublished manuscript, 
Loughborough University, Loughborough. 
76. Kothari, V. K., Sengupta, A. K., & Sensarma, J. K. (1995). Nep level as an 
index of the structural inhomogenity of air-jet textured yarn. Text. Res. J.,65 
1]1339-342. 
77. Lappage, J., & Onions, W. J. (1964). An instrument for the study of yarn 
hairiness. J. Text. Inst., 55 (8). T38I -395. 
78. Lawson-Hemphi1l (1998). Customised quality control solutions. Pawtucket, RI: 
Lawson-Hemphi1l Inc .. 
79. Lee, W. (1984). Signal processing techniques for CCD image sensors. Applied 
Optics, 23 (23),4280-4284. 
80. Lennox, K. (I 990). A powerful laboratory and quality control tool- Superba 
yarntester. Textile Monthly, 1990, 36. 
81. Longhurst, R. S. (1973). Geometrical and physical optics. 3rd edition. 
London: Longman. 
82. Loral Fairchild CCD imaging data book (1991). Milpitas, CA: Loral Fairchild 
Imaging Sensors. 
83. Loughlin, C. (1989). Tutorial: line scan cameras. Sensor Review, 9 (4), 195-
202. 
84. Mack, C. (I 955). Some factors affecting the change in capacity of a parallel-
plate condenser due to the insertion ofa yarn. J. Text. Inst., 46 (7), T500-511. 
388 
References 
85. Mangold, G. (1989). Hairiness and hairiness index - a new measuring method. 
Reutlingen: Zweigle Institute. 
86. Manich, A. M., Barella, A., & Vigo, J. P. (198Ia). A contribution to the study 
of the hairiness of rotor-spun yarns by means of the digital hairiness meter. Part 
I: The influence of the rotor geometry and other spinning parameters on the 
hairiness of open-end-spun acrylic-fibre yarns. J. Text. Inst.,72 (3),121-130. 
87. Manich, A. M., Bare1la, A., & Vigo, J. P. (198Ib). A contribution to the study 
of the hairiness of rotor-spun yarns by means of the digital hairiness meter. Part 
II - The influence of process parameters on the hairiness of open-end-spun 
polyester-fibre, cotton, and blended-fibre yarns. J. Text. Inst., 72 (3),131-140. 
88. McCrickerd, J. T. (1971). Coherent processing and depth of focus of annular 
aperture imagery. Applied Optics, 10 (10)' 2226-2230. 
89. McCutcheon, C. W. (1964). Generalized aperture and the three-dimensional 
diffraction image. J. Opt. Soc. Am., 54 (2), 240-244. 
90. McCutcheon, C. W. (1991). Convolution relation within the three-dimensional 
diffraction image. J. Opt. Soc. Am. A 8 (6), 868-870. 
91. McIntyre, J. E., & Daniels, p. N. (Ed.) (1995). Textile terms and definitions 
(lOth ed.). Manchester: The Textile Institute. 
92. McLachlan, D. (1964). Extreme focal depth in microscopy. Applied Optics, 3 
(21, 1009- \0 13. 
93. Millman, M. P. (1994). Development of on-line and off-line yarn testing 
system. Unpublished undergraduate thesis, Loughborough University, 
Loughborough. 
389 
References 
94. Millrnan, M. P., Acar, M., & Jackson, M. R. (1995, April). High speed yarn 
characterisation and monitoring using a vision based scanning system. Paper 
presented at the Textile Process Control 2001 Conference. UMIST, Manchester. 
95. Millrnan, M. P., Acar, M., & Jackson, M. R. (1996). Machine vision in yarn 
quality assessment. In Proceedings ofthe Textile Institute Yarn and Fibre 
Science Conference (n. pag.). Manchester: The Textile Institute. 
96. Millrnan, M. P., Acar, M., & Jackson, M. R. (1996). Optical resolution limits 
and digital image processing techniques for yarn image acquisition. In T. King, 
M. Lima, & R. Parkin (Eds.), Mechatronics '96: Proceedings ofthe 5th UK 
Mechatronics Forum International Conference. with M2VIP: The 3'd International 
Conference on Mechatronics and Machine Vision in Practice (vol. 2, pp. 115-
121). Guimaraes, Portugal: University ofMinho. 
97. Millrnan, M. P., Acar, M., & Jackson, M. R. (1998). Determining the 
effectiveness of computer vision when measuring yarn interlace at high speeds. 
In J. Adolfsson & J. KarIsen (Eds.), Mechatronics '98: Proceedings of the 6th 
UK Mechatronics Forum International Conference. Skovde. Sweden. 9-11 
September 1998 (pp. 739-744). Oxford: Pergamon. 
98. Mino, M., & Okano, Y. (1971). Improvement in the use ofOTF ofa defocused 
optical system through the use of shaded apertures. Applied Optics, 10 (10)' 
2219-2225. 
99. Mitchell, E. N. (1984). Photographic science. New York: John Wiley & Sons. 
100. Monteiro, J. L., & Couto, C. A. (1995). High resolution capacitive sensors 
for high speed yarn evenness analysis. In Proceedings of the International 
Conference on Recent Advances in Mechatronics, Istanbul. August 14-16 (pp. 
824-829). Bogazici: Bogazici University Press. 
390 
---- -- -------~ 
References 
101. Morton, W. E., & Yen, K. C. (1952). The arrangement of fibres in fibro 
yams. J. Text. Inst., 43 (2), T60-66. 
\02. Nakamura, S., with Fasol, G. (1997). The blue laser diode: GaN based light 
emitters and lasers (I. Davies, Trans.). New York: Springer. Abstract available: 
http://www.springer-ny.comlcataloglnp/may97npIDAT A/3-540-61590-3.html 
\03. Ng, K. W. Y., Mil\man, M. P., Whitby, D. R, & Acar, M. (1995, 
November). Mechatronic on-line stability tester for air-jet textured yams. Paper 
presented at the lEE Colloquium on Innovations in Manufitcturing, Control 
through Mechatronics, Gwent, Wales. 
104. O'Connell, R. A, Ahrens, F. J., & Martsch, R J. (1975). Unevenness 
(length variance) ofa worsted yam by cutting-and-weighing and the use of the 
Pacific Tester. Text. Res. 1., 45 (8), 596-598. 
105. Ojeda-Casteiieda, J., & Berriel-Valdos, 1. R (1990). Zone plate for 
arbitrarily high focal depth. Applied Optics, 29 (7), 994-997. 
\06. Ojeda-Casteiieda, J., Berriel-Valdos, 1. R, & Montes, E. 1. (1983). Line-
spread function relatively insensitive to defocus. Optics Letters, 8 (8), 458-460. 
\07. Ojeda-Casteiieda, J., Berriel-Valdos, 1. R, & Montes, E. (1985). Spatial 
filter for increasing the depth of focus. Optics Letters, \0 (11), 520-522. 
108. Ojeda-Casteiieda, J., Berriel-Valdos, 1. R, & Montes, E. (1987). Bessel 
annular apodizer: Imaging characteristics. Applied Optics, 26 (14), 2770-2772. 
\09. Ojeda-Casteiieda, J., & Diaz, A (1988). High focal depth by quasibifocus. 
Applied Optics, 27 (20), 4163-4165. 
391 
-~-- ._---------------
References 
110. Ojeda-Castefieda, J., Ramos, R., & Noyoia-Isg1eas, A. (1988). High focal 
depth by apodization and digital restoration. Applied Optics, 27 (12)' 2583-2586. 
111. Ojeda-Castefieda, J., Tepichin, E., & Diaz, A. (1989). Arbitrarily high focal 
depth with a quasioptirnum real and positive transmittance apodizer. Applied 
Optics, 28 (13), 2666-2670. 
112. Onions, W. J., Pickering, J., & Stables, W. (1950). A comparison of some 
methods of measuring yarn irregularity. J. Text. Inst., 41 (7), P480-485. 
113. Onions, W. J., & Yates, M. (1954). The photoelectric measurement of the 
irregularity and the hairiness of worsted yarn. J. Text. Inst., 45 (11), T873-885. 
114. Pai, S. B., & Munshi, V. O. (1978). A new method for the determination of 
yarn hairiness by digital fibrograph. Text. Res. J. 48 (12), 697-700. 
115. Pieper, R. J., & KorpeI, A. (1983). Image processing for extended depth of 
field. Applied Optics, 22 (10), 1449-1453. 
116. Pillay, K. (1964). A study of the hairiness of cotton yarns. Part I - Effect of 
fiber and yarn factors. Text. Res. 1.. 34 (8)' 663-674. 
117. Pourdeyhimi, B., Ramanathan, R., & Dent, R. (1996a). Measuring fiber 
orientation in nonwovens. Part I: simulation. Text. Res. 1.. 66 (11), 713-722. 
118. Pourdeyhimi, B., Ramanathan, R., & Dent, R. (1996b). Measuring fiber 
orientation in nonwovens. Part II: direct tracking. Text. Res. 1.. 66 (12),747-
753. 
119. Pourdeyhimi, B., Dent, R., & Davis, H. (1997a) Measuring fiber orientation 
in nonwovens. Part Ill: Fourier transform. Text. Res. 1.. 67 (2), 143-151. 
392 
References 
120. Pourdeyhimi, B., & Dent, R. (1997b. Measuring fiber orientation in 
nonwovens. Part IV: flow field analysis. Text. Res. J.. 67 (3), 181-187. 
121. Pratt, W. K. (1991). Digital image processing. Second Edition. New York: 
John Wiley & Sons. 
122. Renner, M., Aubry, E., Boubrik, B., & Basset, M. (1991). On-line 
measurement of high-speed rotating yarns. Sensors And Actuators A: Physical, 
27 (1-3), 825-828. 
123. Ribolzi, S., Merckle, J., & Gresser, J. (1993). Real-time fuult detection on 
textiles using opto-electronic processing. Text. Res. J .. 63 (2), 61-71. 
124. Rodrigues, F. C., Silva, M. S., & Morgado, C. p. (1983). The configuration 
ofa textile yarn in the frequency space: A method of measurement of hairiness. 
J. Text. Ins!" 74 (4), 161-169. 
125. Rong, G.H., & Slater, K. (1995). Analysis of yarn unevenness by using a 
digital-signal-processing technique. J. Text. Inst .. 86 (4), 590-599. 
126. Rupp, J. (1996). Optical yarn classification and quality management. 
International Textile Bulletin - Yarn and Fabric Forming, 1996. 
127. Rust, J. P., & Peykarnian, S. (1992). Yarn hairiness and the process of 
winding. Text. Res. J.. 62 (I I), 685-689. 
128. Savage, N. (1999). CCD sensor. Laser Focus World [On-line], September 
issue. Available: 
http://w.pennwell.net.com/home/articles/cfrn?ARTICLE_ID=38618&PUBLICA 
TION_ID=12&VERSION_NUM=I&Section=TodaysNewS&LoginReq=No 
393 
References 
129. Schicktanz, K. (1990). Practical experience with automatic cloth inspection 
by the laser-scan system. Melliand English. October 1990, E369-370. 
Translation from Melliand Textilberichte. 71, 786-789. 
130. Sengupta, A. K., Kothari, V.K., & Sensarma, J. K. (1993). Neps in air-jet 
textured yams. Text. Res. J., 63 Cl n, 637-642. 
131. Sengupta, A. K., Kothari, V. K., & Sensarma, J. K. (1995). Mechanism of 
nep formation in air-jet texturing. Text. Res. J., 65 (5), 273-277. 
132. Silva, M. S., Rodrigues, F. C., Amoreira, L., & Morgado, C. P. (198Ia). 
The measurement of hairiness in textile yams by means of optical diffraction. 
The 1981 European Optics Conference, University of Graz, Austria. 
133. Silva, M. S., Rodrigues, F. C., Amoreira, L., & Morgado, C. p. (198Ib). 
New laser methods for quality control of textiles. International Textile 
Symposium, 969-972. 
134. Siong, L. Y. (1994). Vision system for yam quality assessment. 
Unpublished master's thesis, Loughborough University, Loughborough. 
135. Slack, J. K. (1970). An instrument for measuring the hairiness of yams. L. 
Text. Inst., 61 (9), T428-437. 
136. Slater, K. (1986). Yam evenness. Textile Progress 14 (3-4). Manchester: 
The Textile Institute. 
137. Sol~ W. (1999). Information gain through optoelectronic measurement of 
the two-dimensionally determined yam diameter. Melliand English (6), E 125-
126. (available from www.uster.com) 
394 
References 
138. SoIl, W (1999). Comparison of the capacitive and optical measuring methods 
to determine evenness. Zellweger Uster, Switzerland. (available from 
www.uster.com) 
139. Spencer, M. (1982). Fundamentals of light microscopy. Cambridge: 
Cambridge University Press. 
140. Sugimoto, S. A., & Ichioka, Y. (1985). Digital composition of images with 
increased depth offocus considering depth information. Applied Optics. 24 (14). 
2076-2080. 
141. Suh, M. W. (1997). Statistical modeling of spun yam characteristics under 
RVI data environment. Annual report to Cotton Inc., Raleigh, NC. 
142. Thomas, H. (1990). Tracking yam hairiness at the source. Amer. Text. 
Inst .. 3, 32-40. 
143. Tottman, J. A., & Slater, K. (1981). The use of microcomputers in deriving 
variance-length curves. J. Text. Inst .. 72 (3), 103-110. 
144. Townsend, M. W. H., & Cox, D. R. (1951). The analysis of yam 
irregularity. J. Text. Inst.. 42 (3), PI07-113. 
145. Van der Gracht, J., & Dowski, E. R. (1996). Broadband behavior of an 
optical-digital focus-invariant system. Optics Letters. 21 (13), 919-921. 
146. Vas, L. M., HaIasz, G., Taklics, M., Eordogh, I., SZlisz, K. (1994). 
Measurement of yam diameter and twist angle with image processing system. 
Periodica Polytechnica Ser. Mech. Eng .. 38 (4), 277-296. 
395 
References 
147. Versteeg, H. K., Bilgin, S., & Acar, M. (1994). Effects of geometry on the 
flow characteristics and texturing performance of air-jet texturing nozzles. Text. 
Res. J., 64 (4), 240-246. 
148. Walton, W. (1968). Use ofa yarn hairiness meter and results showing the 
effect of some spinning conditions on yarn hairiness. J. Text. Inst., 59 (8), 365-
378. 
149. Wang, X. (1997). The effect oftesting speed on the hairiness of ring-spun 
and Sirospun yarns. 1. Text. Inst., 88, Part 1: Fibre Science and Textile 
Technology (2), 99-106. 
150. Wang, X., & Chang, L. (1999). An experimental study of the effect of test 
speed on yarn hairiness. Text. Res. 1.. 69 (1). 25-29. 
151. Wegener, E., & Hedwig, R. (1968). Selbsttatig registrierendes 
GleichmiiBigkeits-priifgeriit mit fotoelektrisch arbeitendem MeBwertgeber und 
vergleichende Untersuchungen mit anderen Methoden [Automatic evenness 
tester using photoelectric sensors and comparative investigations with other 
methods]. Forschungsberichte des Landes Nordrhein-Westfalen, 2007. Cologne: 
Westdeutscher Verlag. 
152. Weinsd5rfer, H., & Teichmann, K. H. (1979). Rational production control 
of tanglelaced filament yarns with the Reutlingen Interlace Counter. 
Chemiefasem I Textilindustrie, Vo129/81, E120/121. Translated from 
Chemiefasem I Textilindustrie, Vo129/81. 862-864. 
153. Whitehouse D.J. (1994), Handbook of Surface Metrology: Institute of 
Physics Publishing Ltd. 
154. Whitener, C. (1988). New Development in QC. Air-jet textured yarns. 
Microdvnamics 1988. 
396 
---- -----------------------------------------------
References 
155. Wulfhorst, 8., & Bergmann, J. (1989). Comparison of different optical 
measuring methods for the determination of the real yarn diameter. MelIiand 
English. 70, E41-E42. Translated from Melliand Textilberichte. 70. 95-97. 
156. Wulfhorst, B., Bruske, J., & von Thenen, M. (1988). On-line measurement 
of yarn twist in false-twist texturing. Melliand English, 9, E310. Translated 
from MeIIiand Textilberichte. 69, 620-621. 
157. Zellweger Uster (1997). Uster News Bulletin 40 (May). Uster Statistics 
1997. Uster: Zellweger Uster. 
158. Zeltner, V. (1984). Measurements of yarn hairiness by means of the Uster 
Tester 3. Uster, Switzerland: Zellweger Uster AG. 
159. Zweigle (1989) Hairiness Index. Reutlingen, Germany: Zweigle 
T extilprufinaschinen. 
397 
Addendum. 
In chapter 6, it was deemed necessary to compare the effects of scanning resolution 
on the nip detection algorithm. To do this, the high resolution diameter data was re-
sampled at a much lower resolution using a 'Matlab' function, before being 
submitted to the nip detection algorithm for the low resolution tests. The differences 
in results between high and low resolutions were not significant when using the high 
ratio thresholds that were used to simulate manual inspection. However at lower 
ratio thresholds, the differences in the nip-counts per metre and standard deviations 
were significant. 
Upon further reflection, it appeared incongruous that such a difference should exist 
between "the high resolution, and the simulated low resolution case, since both are 
essentially filtering the data to the same low resolution. They both use a top-hat low 
pass filter with a width of 1I3,d the nip spacing distance. Another way of saying this, 
is that both cases are allowing frequencies lower than the 1I3rd nip spacing 
frequency, and rejecting those that are higher. The spatial frequencies which are 
passed by the filter would therefore be expected to be largely independent of sample 
frequency, provided that the sample frequency is not too close to the nip spacing 
frequency. 
The reasons for the differences are in fact due to the overall differences in the 
filtering between the high resolution, and the simulated low resolution re-sampled 
data. For the high resolution case, the diameter data is filtered once using a top hat 
filter the width of 1I3rd the average nip distance. For the low-resolution case, the 
data is filtered to the re-sampled resolution, and then filtered to the 1I3rd average nip 
distance. The re-sampling process however, filters the data such that frequencies past 
the Nyquist frequency of the new sampling resolution are almost totally removed 
(preventing aliasing). This is not the same as for the high resolution case which only 
uses a top-hat filter, and therefore has ringing at higher frequencies. Consequently, 
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the transfer functions between the two cases are different with regard to frequencies 
that are important to the nip profile defrnition. 
Two conclusions can be drawn from this. Firstly, it is clear that the attenuation of 
frequencies past the corner frequency, and possibly the decay rate, of the transfer 
functions used for differentiation and low pass filtering, have an impact on the nip 
detection effectiveness. This is especially the case at more stringent ratio threshold 
settings. The attenuation of frequencies just past the 1/3nl nip spacing frequency, and 
possibly the band-pass attenuation of frequencies lower than this, play a more 
important role than was thought in the research. It would be useful to increase the 
complexity of the filters (although it is vital that they remain in a linear phase 
implementation), such that these filter features could be optimised, making the nip 
detection algorithm even more accurate. The algorithm has already been shown to be 
effective in its use of differentiation, but the filters could be fine tuned. This would 
hopefully produce less standard deviation between nip counts for yarn 2. An 
application where such filter forms have been studied is surfuce metrology 
[Whitehouse 1994, pp. 27-44]. 
The second conclusion is that if a practical system was built which could process 
yarns at various through speeds, but at a constant sampling time-period (for example 
if no encoder system was used) , then there would be a possibility of variable spatial 
sample frequencies. The implemented filtering process could take this into account 
so that the nip detection results were independent from yarn speed. For example the 
filtering effect from yarn travel (section 3.7.1) could be included as a factor in the 
precise implementation of the digital filter. To do this of course, the yarn speed 
would need to be known. 
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